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Summary 
Oxides are a very important class of materials and their nanostructures have 
potential for widespread applications. As the dimensions of devices shrink, 
their fabrication process becomes challenging particularly when sub-100 nm 
feature sizes over large area are desired. Nanoimprint Lithography (NIL) and 
self-assembly of block copolymers are two potential candidates for next 
generation nanolithography. Currently, direct patterning of oxides using NIL 
is performed using either the sol–gel or methacrylate route. The sol-gel 
method offers resists with long shelf life, but with high surface energy and 
contains considerable amount of solvent that affects the quality of imprinting. 
On the other hand, the methacrylate route, limited to certain oxides, produces 
polymerizable resists with low surface energy, but suffers from shorter shelf 
life of precursors. By combining the benignant elements of both these routes, a 
universal method of direct thermal and UV NIL of oxides using precursors 
produced by reacting an alkoxide with a polymerizable chelating agent such as 
2-(methacryloyloxy)ethyl acetoacetate (MAEAA) is demonstrated. MAEAA 
possesses β-ketoester and methacrylate groups – the former results in the 
formation of environmentally stable, chelated alkoxide with longer shelf-life 
whilst the latter provides a reactive methacrylate group for in situ 
copolymerization with a cross-linker during imprinting. Polymerization leads 
to trapping of cations, lowering of surface energy, strengthening of imprints, 
enabling easy and clean demolding over large patterned area with ~100% 
yield. Heat-treatment of imprints gave amorphous/crystalline oxide patterns. 
This method synergistically utilizes the advantages of the sol-gel and 
methacrylate routes and at the same time mitigates the disadvantages 
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associated with these methods. This symbiotic alliance between the two 
diverse routes has enabled the demonstration of successful imprinting of 
numerous oxides such as Al2O3, Ga2O3, In2O3, Y2O3, B2O3, TiO2, SnO2, ZrO2, 
GeO2, HfO2, Nb2O5, Ta2O5, V2O5, and WO3. Moreover, this large area direct 
patterning simplifies steps involved in patterning of oxides, making it a 
prospective technique for industrial applications. 
Self-assembly of block copolymer (BCP) thin films produces array of 
microdomains with limited long-range order that limit their application for 
nanolithography. Here, by combining thermal and solvent vapor annealing 
processes for BCP self-assembly a method called thermo-solvent annealing is 
introduced to improve the long-range order for a given processing time. Well-
ordered microdomains of oxidized-PDMS or SiOx were produced with order 
better than thermal or solvent annealing alone. 
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1. Introduction 
1.1. Background and Motivation 
Technological developments have dramatically changed the way human 
beings interact with the environment. Today, people carry electronic gadgets 
such as phone, laptop, etc., which are more powerful than supercomputers few 
decades back. These have been possible due to the tremendous advancements 
in technologies capable of making devices in the smallest possible sizes; 
higher speed, lower power consumption, and cost. The quest for size reduction 
continues as predicted by the International Technology Roadmap for 
Semiconductors (ITRS) [Figure 1-1]. Thus, technologies to generate and 
replicate dense patterns are crucially important[1-2]. 
 
Figure 1—1: The potential solutions for leading edge, critical layer lithography[1]. 
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From the early days of 1960s, technologies for fabricating smaller features 
have moved forward from contact lithography (10 µm resolution), proximity 
printing (5 µm resolution), to projection printing lithography (sub-5 µm 
resolution). In 1985, an important step was taken when a new family of 
exposure tool using a step-and-repeat camera and a multiple-element 
refractive lens capable of exposing wafers directly from the reticle became 
popular (achieving 1.25 µm resolution). Since the exposure wavelength played 
a critical role in resolution, during the next 20-plus years, the wavelength was 
stretched to its possible limits to fabricate smaller features [Figure 1-2][2]. 
 
 
Figure 1—2: Reduction in minimum feature size and exposure wavelength over 
time[3]. 
 To push the wavelength to its limits, industry moved from 436–365 nm to 
248–193 nm wavelength, but it was extremely difficult to go further as an 
attempt to fabricate nanostructures using 157 nm wavelength was not 
successful because of the lack of a suitable mask material[2]. Besides, there 
were some progress in photolithography at 121 nm, however many challenges 
remained unsolved[3]. Alternatively, some resolution-enhancing techniques, 
	   4	  
including immersion lithography[4-5], double patterning[6], phase shifting 
masks[7], and optical proximity corrections [8] were used to reduce the 
feature sizes. More interestingly, an approach to eliminate the wavelength 
dependence of the resolution in optical lithography was introduced, so called 
Absorbance Modulation Optical Lithography (AMOL)[2,9], but economic 
barrier for its development remains a challenge. Needless to say that a new 
nano-patterning technique with high yield, high throughput, and higher 
resolution at lower cost is necessary for both industrial and research 
applications. 
To push the wavelength to as low as possible, techniques such as extreme 
ultraviolet (EUV) lithography (λ ~13.5 nm) [10-11], x-ray lithography (λ ~5 
Å)[12-13], electron beam lithography[14-15], multiple ion beams and ion 
projection lithography[2, 16], focused ion beam lithography[17-18], and the 
most recent helium ion beam lithography [19] have been introduced. Out of 
the above techniques, the EUV lithography has been accepted for 32 nm node 
fabrication[20], but at the expense of higher complexity and much higher 
price. Furthermore, x-ray lithography suffers from the same issues such as the 
issue of materials for masks[2, 21]. On the other hand, although electron beam 
lithography, focused ion beam lithography, and helium ion beam lithography 
could achieve sub-20 nm resolution[21], they are serial writing, thus are not 
suitable for high-throughput at low cost[2, 21]. As a result, charged radiation 
based techniques do not seem to be the potential candidates for the next 
generation nanopatterning.  
Unlike the above forms of patterning techniques that use radiation (photons, 
electrons, or ions), there are several non-radiation-based patterning techniques 
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using mechanical or chemical or both principles which come under the 
umbrella of so called unconventional lithography. Techniques such as 
selective dewetting patterning (SDP)[22], transfer and subtractive transfer 
patterning[23-24], dip-pen lithography[25, 26-27], soft lithography[28-29], 
replica molding[30-31], micro-contact printing [32] molding in capillaries[33-
35], transfer-printing[36-37], ink-jet printing[38-40], nanosphere 
lithography[41-43], anodic aluminum oxide templating[44], stencil 
lithography[45-46], DNA guided self-assembly[47-48], self-assembly of 
di/tri-block copolymers[49-52], and last but not least, the nanoimprint 
lithography (NIL) [53-56] are examples of unconventional lithography 
techniques. Unlike the radiation-based techniques, the advantages such as no 
limit for resolution, potential compatibility with any substrate types, lower 
cost, simplicity, and more importantly capability for three dimensional direct 
patterning of functional nanostructures, make non-radiation-based techniques 
very promising for several applications[2]. 
Among above unconventional lithography techniques, the two techniques 
attracting great attention are: 
1. Nanoimprint Lithography (NIL): Due to the above-mentioned 
advantages along with its high pattern transfer fidelity, nanoimprint 
lithography (NIL) has attracted increasing attention for varieties of 
applications including semiconductor devices, microfluidic devices, 
optical components, biological applications[57], optoelectronics, 
photonic devices, and data storage[58-60]. Furthermore, NIL has been 
put on the roadmaps of many industries, including ITRS, as a next-
generation patterning technique[1]. 
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2. Self-assembly of block copolymers: It could be considered another 
powerful alternative patterning technique to fabricate very small 
features, 10-100 nm at a lower cost with very low edge roughness. 
Self-assembly of block copolymers has demonstrated applications in 
vast areas such as membranes[61-62], nanoparticles templates, 
photonic crystals, lithographic applications enabling the fabrication of 
air-gap interconnects, capacitors, field effect transistors, flash memory 
devices and ultra-high density magnetic-dot arrays[63-67]. 
1.2. Objectives 
Oxides are a very important class of materials and their nanostructures have 
enormous applications in different fields. As the dimensions of metals oxides 
devices shrink, their fabrication process becomes more challenging 
particularly, when sub-100 nm feature sizes over large areas is desired. The 
objective of this thesis is to provide a roadmap in patterning oxides using the 
two potential next generation nanolithography techniques, nanoimprint 
lithography (NIL) and self assembly of block copolymers. 
• Currently, direct patterning of oxides using NIL is performed using 
either the sol–gel or methacrylate route. The sol-gel method offers 
resists with longer shelf life, but with high surface energy and contains 
considerable amount of solvent that affects the quality of imprinting. 
On the other hand, the methacrylate route, limited to certain oxides, 
produces polymerizable resists leading to low surface energy, but 
suffers from shorter shelf life of precursors. In this thesis, by 
combining the benignant elements from both these routes, a universal 
method of direct thermal and UV NIL of oxides is demonstrated. 
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• Self-assembly of di-block copolymers suffers from short-range micro-
domain ordering of its nanostructures that limits its capabilities in 
nanopatterning. The objective of this part of the thesis is to explore 
possibilities for overcoming the short range ordering of micro-domain 
in self-assembly of di-block copolymers by introducing a new scheme 
called thermo-solvent annealing process (TSA). This scheme will be 
used to generate sub-50 nm nanopattern of SiOx. 
1.3. Scope 
Following the brief introduction to NIL and self-assembly of block 
copolymers in Chapter 1, Chapter 2 of this thesis provides a deeper 
understanding to nanoimprint lithography and self -assembly of block 
copolymers. In Chapter 3, a universal scheme in direct patterning of oxides 
using thermal nanoimprint lithography will be introduced. Here, thermally 
curable oxide resists formulation, their characterization, fabrication of sub-100 
nm oxides nanostructures using hot embossing, morphological and structural 
properties of the imprinted oxides will be discussed in details. Overall 14 
different oxides will be presented in order to demonstrate the universality of 
the scheme. To demonstrate the capability of the proposed scheme in 
patterning oxides using UV-NIL, Chapter 4 will be devoted to sub-30 nm 
nanostructures of oxides fabricated using step-and-flash imprint lithography, 
an advanced UV-based naoimprint lithography. Chapter 5 explores self-
assembly of diblock copolymer as another potential next-generation 
nanopatterning technique and presents a new technique called thermo-solvent 
annealing (TSA), to improve long range ordering in PS-PDMS block 
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copolymer micro-domains. Finally, the TSA is used to fabricate sub-30 nm 
SiOx nanopatterns. Lastly, Conclusions and Future Work will be discussed. 
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Chapter 2 	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Self-Assembly of Block Copolymers 	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2.1. Introduction 
Nanoimprint lithography (NIL) and self-assembly of block copolymers are 
attracting increasing attention due to their capabilities for patterning sub-30 
nm structures. Both the techniques can be considered potential candidates for 
the next generation patterning techniques for lithographic applications if the 
ITRS requirements are met. In this chapter, the two techniques are reviewed 
and a short introduction for each technique is provided. 
2.2. Nanoimprint Lithography 
Nanoimprint Lithography (NIL) was proposed by Stephen Chou in 1995. As 
Figure 2-1 shows, NIL is based on the principle of compression molding, 
utilizing mechanical deformation to transfer patterns at a controlled 
temperature and pressure from a typically rigid or soft template containing 
surface relief features into a softer material[53-54]. To be more precise, in the 
first generation NIL, a thermoplastic polymer layer that is coated on a 
substrate is heated above its glass transition temperature, Tg, followed by a 
mechanical pressure to flow the polymer and force it to fill the nano-features 
on the mold. After a complete filling, temperature is reduced below the Tg and 
the mold is separated, thus features from mold are replicated on the coated 
polymer. During the process, thin residual layer underneath the mold acts as a 
soft cushion layer preventing direct contact between mold and the substrate, 
thus effectively improving the mold’s life[56].  
Since the working principle in NIL is basically a mechanical process and is 
fundamentally different from the radiation-based techniques, it offers many 
advantages over the latter, including very high resolution, high pattern transfer 
fidelity, 3-D patterning, capable of reducing fabrication steps, high 
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throughput, and lower cost[2]. 
Resolution of NIL 
The mechanical deformation enables NIL to achieve very high resolution, sub-
10 nm, (Figure 2-2) [68-69] beyond the limitation set by light diffraction or 
beam scattering that are encountered in the conventional lithography 





Figure 2—1: Schematic illustration of the nanoimprint lithography process using a 
silicon template. 
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Throughput of NIL 
Besides resolution, throughput is another critical factor for achieving 
acceptable pattern transfer rates in the manufacturing process. As shown in 
Figure 2-3, NIL is capable of providing very large area patterns at higher 
resolution as compared to others. Furthermore, as NIL does not use any 
complicated and expensive optics systems and laser sources, it can be much 
cheaper than conventional photolithography facilities and the final cost per 
sample could be cheaper due to its high throughput capability. 
 
Figure 2—2: Sub-10 nm resolution pattern using nanoimprint lithography [68-69]. 	  
Pattern Transfer Fidelity 
In conventional lithography, sloped sidewalls and line edge roughness are 
observed due to the Gaussian shape of the light profile, light scattering, and 
other noise sources. In contrast, NIL has very high pattern transfer fidelity. 
Pattern from the original templates can be transferred into resists with 
maintaining smooth vertical sidewalls even at higher aspect ratio 
nanostructures[2, 74-75]. 	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Figure 2—3: Lithographic throughput for mass production in different 
nanofabrication techniques[73]. 	  
3-Dimentional Patterning 
Unlike the conventional lithography techniques where two-dimensional 
patterns are mostly generated, NIL demonstrates 3-dimentional and high 
aspect ratio patterns uniquely critical for several applications particularly in 
microwave circuits or microelectromechanical systems (MEMS) [2]. As an 
example, Figure 2-4 shows an extremely high aspect ratio pattern that is 
directly transferred to PMMA by NIL[76]. 
 
Figure 2—4: Nanopatterns of PMMA with molecular weights of MW=996k. The 
mold contains patterns with width and height 40 and 480 nm, respectively[76]. 
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Patterning of Arbitrary Structures 
NIL is able to pattern features with varying pattern densities. For instance, the 
photonic crystal structure presented in Figure 2-5 (left) is very difficult to 
make by radiation-based techniques in which the wavelength of the source is 
significantly larger than the structure’s size. Moreover, by varying pattern 
densities, features of great interest in applications such as CMOS logic circuits 
[Figure 2-5 right] and patterned media could be made [Figure 2-6] [73,77]. 
Simplicity 
Complexity of a fabrication process can have profound effects on products’ 
final cost. NIL is much simpler than the other techniques and it does not use 
complex facilities and systems. Furthermore, fabrication steps can be reduced 
to a single step if direct patterning of functional materials is performed. Large 
area patterns in a single step can be fabricated using UV-NIL since the 
exposure area can be much larger that the exposure field of a conventional 
photolithography stepper. For instance, a full 4-in or 8-in wafer scale 
nanopattern can be achieved in a single step process with excellent imprint 
uniformity[2,78]. All these can greatly simplify a nanofabrication process. 
 
 
Figure 2—5: (left), sub-100 nm dense photonic crystals in complex varying patterns. 
(right), Intel Norwood processor (Pentium 4, 130 nm node) showing pattern density 
variations[73]. 	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Figure 2—6: Varying pattern density requirement for patterned media based on data 
and servo zones in a hard-disk drive[73]. 
2.2.1. Different Forms of NIL 
In general, NIL can be classified into thermal-NIL and UV-NIL. Thermal NIL 
uses heat for pattern transfer. Generally in thermal-NIL, a thermoplastic resin 
is heated above its glass transition temperature, Tg, to increase its flowabality 
into the mold features, and then it is cool down to the room temperature. On 
the other hand, in the UV-NIL, UV irradiation ( λ ~ 360 nm) is used to cure 
and solidify the photo-sensitive-resist. In the UV-NIL, either template or 
substrate must be transparent to the irradiation wavelength, (for example, 
quartz). Figure 2-7 shows a schematic of the two forms of NIL processes and 
Table 2-1 provides a comparison between these two forms.  
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Figure 2—7: Schematic diagrams of (left) a thermal-NIL and (right) UV-NIL based 
techniques[127]. 	  
As Table 2-1 depicts, it is clear that, except in the functional materials 
patterning in which thermal-NIL is superior, UV-NIL is generally preferred. 
Particularly when it comes to mass production and patterning at low 
temperature and low pressure, the latter is critical for several application such 
as patterning on flexible substrates[73]. 
 
Table 2-1: Thermal vs. UV imprint processes [73]. 
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2.2.2. Building Blocks of NIL 
Molds or templates and resists are the two main building blocks of NIL 
process. During the NIL process mold is pressed against the resist to transfer 
the pattern into the resist materials. In this section, a short review of these is 
presented. 
2.2.2.1. Mold or Template 
Solid having sufficient mechanical property, durability, and hardness and can 
be used as a mold, in NIL process. High strength and durability minimizes 
deformation, buckling, or collapsing of a mold’s nanopatterns while 
imprinting at high pressure or elevated temperature[56]. In most applications 
molds are made up of silicon, silicon dioxide, silicon nitride, polymeric 
materials such as polydimethylsiloxane (PDMS) or perfluoropolyether 
(PFPE), or metals such as Ni. Table 2-2 and Table 2-3 show important 
properties of some typical materials used for molds in NIL. 
Table 2-2: Important mechanical and thermal properties of some typical materials 
used for molds[79]. 
 
Several factors must be taken in consideration when selecting a mold material 
for particular imprinting. First, the mismatch in thermal expansion coefficients 
between mold materials, substrate, and resist should be taken in account in the 
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thermal NIL process especially in at higher temperature. This thermal 
mismatch may result in pattern distortions or residual stress buildup during the 
cooling cycle. As an example, while transferring pattern into the silicon 
substrate, use of a silicon mold is advised. Needless to say that the thermal 
mismatch can be ignored when the process is carried out at the lower or room 
temperature, such as UV-NIL process. Molds for NIL can be fabricated by 
other lithographic techniques followed by reactive ion etching (RIE) to 
transfer pattern to the desired mold material. Figure 2-8 shows steps involved 
in the fabrication of a silicon mold. After coating a resist material on silicon 
(or silicon oxide) surface, by using a lithography technique desired patterns 
can be transferred to the resist. Then, a hard masking layer such as metal is 
deposited over the patterned resist template followed by liftoff process that 
removes the resist template and the material on top, leaving a patterned mask 
layer on the Si substrate. Next, an anisotropic RIE process is used to 
selectively etch away Si in the unmasked region, producing the desired surface 
relief structures. 
Its worthy to say that silicon, silicon dioxide, and many other dielectric 
materials, that are capable of accommodating very small feature sizes, are 
preferred for molds especially when high resolution and high aspect ratio 
patterns are of interest. Furthermore, patterning over very large area or 
patterning on a non-flat substrate requires a mold that has global flexibility 
and local rigidity so that conformal contact with the substrate without 
requiring high pressure can be achieved[56, 73, 79]. Regarding the soft molds 
used in NIL, though polymeric molds such as polydimethylsiloxane (PDMS) 
and perfluoropolyether (PFPE) offering lower mechanical properties as 
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compared to others and may deforms while fabricating sub-100 nm features, 
they are cheap and suitable candidates for performing imprinting at lower 
pressure, over a curved surface, or when above few 100 nm feature sizes are 
required[80]. Moreover, molds made up metals such as thin layer of Ni is an 
interesting candidate for patterning by roll-to-roll NIL technique due to its 
both flexibility and sufficient mechanical strength[60]. Its noteworthy that the 
Ni molds are widely prepared by electroforming process[81-84]. 
	  
Figure 2—8: Typical procedure of silicon or silicon oxide mold fabrication[79]. 	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Table 2-3: Some of the mechanical, thermal, surface, and optical properties of a 
typical PDMS mold used in NIL[79]. 
 
Mold Surface Treatment 
Demolding or separating mold from resist material after imprinting is one of 
the critical steps in NIL process. In an unsuccessful demolding, the resist 
materials will stick to the mold’s surface. Therefore, patterns on molds cannot 
be replicated on substrates, leading to defective samples. The main reason for 
sticking resist materials on molds is the high surface energy of the molds and 
resist. Moreover, high density of nanoscale protrusion featuring on mold’s 
surface effectively increases the total surface area that contacts the imprinted 
resist materials, leading to strong adhesion of the imprinted resist to the mold. 
This problem can be addressed by three different approaches. 
Low Surface Energy Resists 
Formulating resist with lower surface energy[85-86], like incorporating a low 
surface energy surfactant into the resist materials. For example, incorporating 
<2w% of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl 
methacrylate monomer into a resist effectively reduces surface energy of 
imprinted materials after polymerization and improves hydrophobicity, thus 
helping in easy demolding[87]. 
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Applying Anti-Sticking Layer 
Applying a low-surface-energy coating to the surface of molds helps to reduce 
its surface energy [88-94]. Such a coating can be deposited on the molds 
surface by three different ways: 
• Plasma polymerization 
• Self-assembly monolayer (SAM) 
• Depositing diamond-like carbon film 
Plasma Polymerization 
Plasma polymerization is a powerful method to deposit thin polymer films on 
solid substrates with excellent coating adhesion, excellent chemical, 
mechanical, and thermal stability. Jaszewski et al., deposited an ultra thin 
layer of PFPE-like polymer on a nickel mold surface[89]. The anti-adhesive 
property of the nickel mold was tested by thermal NIL on polycarbonate (PC) 
and poly(methyl methacrylate) (PMMA) resists. Surprisingly, after 50 
imprints, the anti-adhesive layer remained intact. However, in the increasing 
number of imprint, the percentage of CF2 bonds decreased with the number of 
imprints, and fluorine molecules were transferred into the resist[89]. 
Self-Assembly Monolayer 
SAMs are made by the chemisorption of hydrophilic “head groups” onto a 
substrate followed by a slow 2D organization of hydrophobic “tail groups” at 
its environment interface [Figure 2-9]. The hydrophilic groups react with the 
substrate, while the hydrophobic tails assemble far from the substrate. This 
will continue to grow until the whole surface of the substrate is covered in a 
single monolayer, as schematically demonstrated in Figure 2-10 for fused 
silica. It is noteworthy that during the coating process, the hydrolysis effect 
results in the formation of HCl as the by-product, which can damage those 
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molds sensitive to HCl. This becomes very important while using this method 




Figure 2—9: Schematic demonstration of SAMs [79]. 	  
SAMs molecules chemically attach to the substrate so that the properties of 
the modified interface (i.e., adhesion, wetting) could be very different from the 
original bare substrate. It is possible to manipulate adhesion or wettability of 
different surfaces including metals, dielectrics, and oxides using SAM. Table 
2-4 shows list of tail groups suitable for functionalizing of metals, 
semiconductors and oxide surfaces. 
In NIL, usually a fluorinated self-assembled monolayer (F-SAM) is used as an 
anti-sticking layer [Figure 2-11]. Table 2-5 shows some other common 
reagents used for this purpose. Among them, 1H, 1H, 2H, 2H-perfluorodecyl-
trichlorosilane (FDTS), is the most widely used reagent particularly for silicon 
and fused silica molds either by a solution-phase or a vapor-phase reaction. 
 
	   23	  
Table 2-4: Chemical systems of adsorbates and substrates that form SAMs [79]. 
 
For applying the F-SAM to a Si surface, the surface should be oxidized with 
an oxidant reagent such as the Piranha solution to generate the required 
terminal hydroxyl groups on its surface followed by coating the F-SAM either 
in solution or vapor phase. In a study, Jung et al. compared the substrates 
treated by the two different processes (solution-phase or a vapor-phase 
reaction), and concluded that the vapor-phase coating method provided 
superior surface-release properties [Figure 2-10] [56,95-96]. 
As mentioned before, for those molds made up of metals such as Ni or any 
other materials, that is not neutral to HCl, the by-product in some F-SAM 
reagent coating process, this approach may not be practical and can damage 
the molds. To overcome this problem, dimethylsilanediol is used for the 
surface modification (hydrophobization) of oxidized metal surfaces as water is 
the only byproduct of this modification reaction; therefore, no corrosion or 
competitive adsorption of byproducts by the molds is observed[97]. 
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Figure 2—10: Schematic of a SAM formation mechanism on fused silica surface (a) 
Physisorption. (b) Hydrolysis. (c) Covalent grafting to the substrate. (d). In-plane 
reticulation [79]. 	  	  
Table 2-5: Some common reagent used for SAM of molds [79]. 
 
As mentioned before, liquid phase deposition (LPD) is another alternative 
method for coating an anti-sticking reagent on molds. In this method, a 
template or mold is dipped in a solution bath of releasing agent dissolved in a 
solvent such as chloroform at 65 °C for a one hour. However, this method has 
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not been attractive for mold coating as it has been proven that vapor phase 
deposition of anti sticking agents is superior to LPD [56,79,95]  
 
Figure 2—11: Formation of a monolayer of F-SAM molecules on SiO2 to create a 
low energy surface[98]. 
 
Depositing Diamond-Like Carbon Film 
Diamond-like carbon (DLC) is a kind of amorphous carbon that exhibits some 
of the properties of diamond such as high density, high hardness, electrical 
resistance, chemical inertness, and transparency. Due to its relatively low 
surface energy, ~ 40 mJ/m2, compared to quartz and glass, it has been a 
candidate for anti-adhesion coatings in many applications including as 
templates in NIL[99-104]. Nevertheless, DLC’s surface energy is still slightly 
higher for achieving clean demolding during NIL process. Therefore, an 
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additional surface treatment may be required. It is shown that exposing the 
surface of DLC to fluoro-carbon plasma can modify its surface properties, 
significantly lowering the surface energy[105]. Thus, fluorinated DLC (F-
DLC) has been used as an anti-adhesive layer for template as it has both 
relatively lower surface energy and strong mechanical properties.  Figure 2-12 
shows schematic fabrication process of a DLC-based NIL template. 
 
Figure 2—12: Schematic fabrication process of a F-DLC-based NIL template [101]. 
As Figure 2-12 depicts, details in reference[101], a 100– 200 nm DLC film is 
deposited on a Si substrate using PECVD method followed by EBL and RIE 
process to transfer nanopatterns to the substrate. Later, the template of DLC is 
exposed to fluoro-carbon plasma to reduce its surface energy. Finally, by 
using this mold, nano-features down to 15 nm have been successfully 
transferred into PMMA resists at 180 °C and at 3.45 MPa pressure [Figure 2-
13] [101]. 
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Figure 2—13: Array of dots imprinted on PMMA with a F- DLC template[101]. 	  
Low surface energy materials mold 
Making a mold from a low surface energy material enables an easy demolding 
process[86, 106-108]. For instance, using a mold made up of 
polydimethylsiloxane (PDMS) and perfluoropolyether (PFPE). There are three 
simple ways for evaluating the characteristics and performance of a 
hydrophobized mold surface: Firstly, simply by measuring the contact angle, 
because surface having high contact angle and being hydrophobic are believed 
to be ideal for NIL. Secondly, coatings must be evaluated by their wear 
properties. For example, how many imprinting can be made using the coated 
molds before replacing the anti-adhesion coating? Thirdly, the thickness of the 
coated layer should be evaluated in order to utilize the mold’s patterns size, 
perfectly [56]. 
2.2.2.2. Resist Materials 
Traditionally, photolithography uses positive and negative tone resists for 
projecting mask’s structures into the substrate [Figure 2-14]. 
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 Figure 2—14: Positive and negative tone photoresists used in photolithography[79]. 
However, in the NIL process, the resist is pressed by a template and cured by 
heat or UV light. Generally speaking, resists for NIL should have the basic 
and application oriented characteristics that are presented in Figure 2-15. 
First: The resist should have excellent sensitivity toward the curing source, 
the UV or the heat source. The sensitivity will have dramatic impact on the 
throughput of the fabrication process. Highly sensitive resists tend to cure very 
fast leading to a very short processing time. 
 
 
Figure 2—15: Required characteristics for a NIL resist[109]. 
 
Second: Resist should wet the substrates and be able to make smooth thin 
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films in the different thicknesses. In other words, resist should have a 
sufficient coating property. Especially, as the size of the nanopattern on the 
molds varies, the initial resist film thickness should be optimized in order to 
have a proper filling and offering minimum residual layer thickness. 
Third: the viscosity of resist at the imprinting condition plays a very 
important role in complete filling process of the template’s cavities. A resist 
with higher viscosity may not penetrate in nano-scale features leading to 
improper filling. Also, as the viscosity increases, the imprinting pressure goes 
higher that can restrict patterning on fragile substrates and could damage the 
templates[56,110]. 
Fourth: The mechanical properties of resist materials should be taken in to 
careful consideration. The resist material should have a Young’s modulus 
lower than that of the mold, as the resist materials need to be easily 
deformable under an applied pressure. The minimum pressure required to 
perform the imprint should be higher than the sheer modulus of the 
resists[56,111]. Nevertheless, the resist materials should have a sufficient 
mechanical strength to withstand the demolding pressures as well. As a result, 
transferred patterns will maintain their structural integrity during the 
demolding process. 
Fifth: Surface properties of resist materials plays an important role in 
successful imprinting and clean demolding or releasing. As mentioned before, 
although surface of molds are treated before imprinting, a resist with low 
surface energy will help in easy releasing process. 
Sixth: For those application where residual layers needs to be removed and 
patterns need to be transferred into the underneath substrate, resist should bear 
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good etching resistance, in particular, etch selectivity between the resist and 
substrate to produce high aspect-ratio device features[112]. Also, it should 
have enough thermal stability to withstand the common temperatures 
encountered during the etching process. 
Seventh: Resist should provide very small feature size with excellent smooth 
sidewalls, as line width roughness (LWR) factor is very important in several 
semiconductor applications. 
Eighth: Shelf life of resist is another important parameter particularly from 
the commercialization point of view. Resists with higher shelf life can be 
stored for a longer period of time and shipped. 
Types of Resists in NIL 
As mentioned before, based on the types of energy used to solidify the resist 
materials, NIL is classified into thermal-NIL and UV-NIL. Therefore, there 
are two types of resist for NIL, thermal and UV curable resists. In the 
following section, each type is discussed in detail. 
Thermoplastic Resists 
In early days of 1995, when NIL was first introduced, a thermoplastic material 
was used as the resist. A thermoplastic material starts as a solid film and 
becomes a viscous liquid in a temperature higher that its glass transition 
temperature, Tg, and returns to its solid form when its temperature is brought 
below its Tg. The most common examples of thermoplastics used as resist are 
Poly(methyl methacrylate) or PMMA, polycarbonate (PC), and polystyrene 
(PS). Polymers such as polyethylene (PE), polypropylene (PP), polybutylene 
terephthalate (PBT), and polyethylene terephthalate (PET) are also come 
under the umbrella of thermoplastic family [113-118]. 
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It is suggested that imprinting temperature should be 70-80 °C higher than the 
polymer’s Tg. However, it could increase thermal stress buildup in the 
nanopatterns. Consequently, during the demolding process in which the 
temperature is below the Tg, pattern integrity could be affected. Moreover, 
above the Tg, viscosity of the thermoplastics is still high, thus requiring higher 
pressure for imprinting. Furthermore, thermoplastics are easy to stick to molds 
leading to improper demolding and defective imprints. To address these 
issues, researchers have come up with block copolymer resists. 
Copolymer Resists 
Block copolymers (BCPs) are polymers made of two or more distinct 
monomer/block units that are covalently bonded. The copolymers can offer 
wide array of properties due to the combination of different polymers with 
different functionality in an alternating sequence. Each block has its own 
functionality and when two blocks are covalently bonded, the copolymer 
could have the composites properties of the two blocks simultaneously. As 
discussed above, thermal NIL commonly uses homopolymers such as PMMA 
and PS as resists, but they have relatively higher surface energy and high 
fracture strength. The higher surface energy may provide sufficient adhesion 
to the substrate, however it may cause problems for easy and clean demolding. 
On the other hand, if PDMS, which is flexible, has very low surface energy, 
low glass transition, and high thermal stability is covalently bonded to the PS, 
the resultant PS-b-PDMS copolymer would provide a system that has the two 
blocks properties. In PS-b-PDMS system, PS block has higher surface energy 
than PDMS blocks, thus it makes a stronger adhesion with the substrate. On 
the other hand, as the surface energy of PDMS block is lower than that of PS, 
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PDMS tend to cover the surface of the imprinted pattern and at the interface 
between pattern and mold’s surface thus provide easy and clean demolding. 
Moreover, the lower Tg of PDMS block increases the flowability of the resist 
and makes imprinting practical at the lower temperature and pressure. 
Interestingly, in PDMS, a silicon containing group, the siloxane, would 
improve the resists etch resistance plus to high-resolution imprinting. 
Currently, there are several copolymer based resists for thermal NIL such as 
diblock copolymer of poly (dimethyl siloxane)-polystyrene (PDMS-b-PS), 
poly(dimethyl siloxane)-graft-poly(methyl acrylate)-copoly( isobornyl 
acrylate)(PDMS-g-PMIA), and poly(dimethyl siloxane)-graft-poly (methyl 
methacrylate)(PDMS-g-PMMA)[56,79]. 
Thermoset Resists 
Thermosets are polymer that cures, irreversibly. Low viscosity, low surface 
energy (20 mNm–1), mechanical stability after cross-linking, dimensional 
stability, less sensitivity to varying pattern density, and possibility of low-
pressure imprinting makes them excellent resist systems for thermal NIL. 
PDMS is an example of thermal-curable material widely used mainly in the 
soft lithography. PDMS is transparent to UV and visible light and it is 
biocompatible. Moreover, it has high resistance toward oxygen plasma due to 
its high Si contents. However, PDMS posses lower modulus of elasticity that 
results in a large radius of curvature. This can limit the ability to produce 
sharply defined nano-scale features. The low modulus also may cause the 
lateral collapsing of the imprinted patterns when fabricating sub-500 nm. 
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Figure 2—16: Nanoimprint lithography results using (a) 250-nm-linewidth PDMS-b-
PS grating. (b) Silicon nitride mold with 70-nm-wide trenches. (c) A 70 nm linewdith 
grating in PDMS-g-PMIA imprinted using the mold shown in (b). (d ) Strong light 
diffraction of imprinted 200-nm period grating in PDMS-g-PMIA copolymer on a 4-
inche. wafer immersed in water[119]. 
 
 
Another method to formulate an irreversible thermal NIL resist could be 
simply incorporating polymerizable groups with cross-linker along with a 
thermal free radial initiator. This method is widely used for imprinting 
functional materials directly. For instance, Ganesan et al. imprinted metal 
oxides by mixing metal-methacrylate (polymerizable complex) with ethylene 
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glycol dimethacrylate (cross-linker), and with azobis-(isobutyronitrile) as a 
initiator to formulate resists. The resists underwent free radical polymerization 
during imprinting and led to irreversible curing[56,79,120]. 
UV-Curable Resists 
Although thermal NIL can pattern wide variety of materials such as 
thermoplastic, thermoset, sol-gel films, metal-organic materials and 
polymerizable liquid metal methacrylate resists[120-128], it suffers from 
several drawbacks. Imprinting in high pressure does not allow patterning on 
fragile substrates and complicates the fabrication of multilevel devices[129, 
130]. Mechanical stress could lead to the breakage of the brittle templates and 
substrates during imprinting. Besides, high temperature degrades template life 
and affects the template release layer leading to poor demolding. Therefore, it 
may increase processing time leading to a lower throughput[130]. Moreover, 
mismatch in the thermal expansion coefficients of the resist, substrate, and the 
template may lead to improper overlay of device layers[130-133]. On the 
other hand, UV-NIL may successfully overcome the drawbacks associated 
with thermal-NIL. That is exactly why UV-curable resists are of great interest. 
An UV-NIL imprint resist is a mixture of various polymerizable components; 
each component adding desired characteristics to the final resist. There are 
four main components including bulk polymerizable monomer, a silicon- or 
siloxane-containing monomer (provides the oxygen-etch resistance), a 
difunctional cross-linker (provide mechanical strength), and a photoinitiator 
(to initiate polymerization)[131,134]. 
Many types of UV-curing chemistries including methacrylate, epoxy, vinyl 
ether, thiol-ene, and acrylate have been considered for imprint resist. 
	   35	  
Methacrylate and epoxy have considerably slower polymerization rate, hence, 
not practical for high-throughput volume manufacturing. Most of the UV 
imprint materials are acrylate-based [73] or vinyl ether materials [73,135-136]. 
These two UV-NIL resist formulations provide resists with very low viscosity, 
rapid photopolymerization, good adhesion to substrates, sufficient mechanical 
properties and integrity, thermally stable to common temperatures associated 
with reactive ion etching, and high etch selectivity[131]. In the following 
section, the two resists systems are discussed in more details. 
Acrylate-Based Resists 
Acrylates are one of the most widely investigated monomers for UV-NIL 
resists formulation. They provide resists with low viscosity while maintaining 
low volatility, quick curing, and photo-initiated radical polymerization. An 
example of such a resists used in step-and-flash imprint lithography (S-FIL) is 
shown in Table 2-5. Here, t-butyl acrylate is the bulk polymerizable monomer, 
Darocur 1173 (product of Ciba Geigy) is the photoinitiator, a siloxane 
monomer is for etch resistance, and ethylene glycol diacrylate is a cross-linker 
to provide mechanical strength and feature integrity. 
One of the inherent limitations of the free radical-based photo-polymerization 
is the inhibition due to the presence of molecular oxygen in the resist and the 
surrounding atmosphere. Oxygen can form peroxy radicals during radical 
polymerization that leads to an extension of the exposure times and ultimately 
decreases wafer throughput[137]. In laboratories, resists are purged with argon 
to minimize dissolved oxygen, thus improving their photosensitivity. 
Vinyl ether-Based Resists 
In contrast to the acrylates, vinyl ethers polymerizes via a cationic pathway, 
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which is accomplished by the incorporation of a photoacid generator instead 
of the photo-induced radical initiators. As a result, inhibition of 
polymerization due to oxygen existence is not a case here. Moreover, vinyl 
ether formulations have very low viscosity (approximately 1 mPa.s) as 
compared with acrylate-based systems (3–4 mPa.s). Low viscosity facilitates 
dispensing and spreading of resists while maintaining sufficient resist material 
properties. Despite the advantages of vinyl ethers, they have higher vapor 
pressures than acrylates, which may lead to a change in the prepolymer 
composition and affect resist performance or stability. Also, the cationic 
initiator is very sensitive to moisture that can dramatically decrease the resists 
shelf life. Furthermore, during the imprinting process, higher demolding force 
is observed while using fused silica as template material. Finally, there are 
limited selections of commercially available monomers such as cross-linkers 
and silicon-containing monomers that have limited the usage of vinyl ether 
resist systems[73,135-136]. 
 
Table 2-6: UV-curable resist composition used in S-FIL[135]. 
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Functional Resists 
Traditionally, nanofabrication of functional materials is performed indirectly. 
After transferring nanopattern from a template into a thermal or UV curable 
resist, oxygen plasma is used to remove the residual layer, and then by using 
either dry or wet etching, functional materials patterns are transferred to the 
substrate, or functional materials can be deposited on the patterned substrate 
followed by a lift-off process. However, this is a multi-steps process and 
suffers from drawbacks such as complexity, waste of materials, and maybe 
substrate damage. To overcome these problems, many studies have focused on 
the direct nano-patterning of functional materials using functional resists. 
Most of the functional resists are based on sol-gel solution, nanoparticle-
dispersion, metal nano-ink, spin-on-glass (SOG) resist, or formulated by 
mixing precursors or nanoparticles in an organic solvent. Moreover, patterning 
functional polymers may also require solvent [138-140] and a wide range of 
functional oxides such as ZnO, indium tin oxide, TiO2, SiO2, and SnO2 are 
directly fabricated using this sol-gel solution method [127]. As the solvent 
must be evaporated during the imprinting process, a soft mold such as PDMS 
capable of absorbing organic solvent is used. Figure 2-17 demonstrates the 
schematic of patterning functional materials using a soft PDMS mold. After 
coating the functional resist on the substrate, imprinting is performed followed 
by calcination of the imprinted structures. 
Recently, thermal and UV curable functional resist containing zero or 
minimum solvent in direct patterning of oxides has been introduced. Here, a 
polymerizable metal complex along with cross-linker and initiator are used to 
make resists[87]. These resists are superior as they contain minimum solvent 
so that a hard mold can be used for patterning, offering very high resolution 
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down to sub-20 nm. Patterned nanostructures are far smaller and denser than 
that is achieved by PDMS and other soft molds[120,124,141]. Figure 2-18 
shows typical components of such functional resist for direct thermal patterning of 
TiO2 by NIL using a hard mold. 
 
Figure 2—17: (a) Schematic diagram of TiO2 sol-based nano-imprint lithography 
process. (b) SEM micrographs of Si master, TiO2 gel pattern and TiO2 polycrystalline 
pattern[127].  




Figure 2—18: Typical components of a functional resist for direct patterning of TiO2 
using NIL. 	  
2.2.3. Types of NIL Process 
As mentioned before, in principle, NIL is classified into thermal-NIL and UV-
NIL. In all aspect, except in direct patterning of functional materials, UV-NIL 
is superior. UV-NIL is capable of patterning at room temperature and at low 
pressure. This makes it possible patterning on any types of substrates 
including fragile materials. Moreover, when substrate, resist, and template are 
at room temperature, then mismatch in the thermal expansion between them is 
not a problem in UV NIL. Moreover, UV-curable resists can solidify in 
several seconds, hence leading to very high throughput that is very important 
from the industry point of view. In this section, different types of NIL process 
will be discussed in more details. 
2.2.3.1. Step-and-Flash Imprint Lithography 
Step-and-Flash Imprint Lithography (S-FIL), as an example of advanced UV-
NIL, which was introduced to overcome the drawbacks associated with 
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thermal-NIL[142]. S-FIL is able to fabricate nanostructures in a reliable and 
cost-effective manner over an entire wafer with high resolution at room 
temperature and low pressure[142]. Figure 2-19 depicts S-FIL. A photocurable 
low viscosity resist is dispensed as discrete drops of pico-litter onto a 
substrate. A template is lowered to trap the imprint fluid between template and 
wafer. The resist penetrates into the transparent template features via capillary 
action. Due to this action, the resist fills the template pattern without applying 
high pressure or elevated temperature. Alignment error measurement and 
compensation are carried out just before UV exposure. Then resist is exposed 
to the UV radiation through the quartz template resulting in the photo-
polymerization and solidification of the imprinted features[131]. After curing 
process, the template is separated prior to moving to pattern on the next field. 
Dispensing resists in drop-pattern leads to a uniform residual layer thickness 
across a field and across multiple wafers[143]. Figure 2-20 shows the quality 
of residual layer made by the S-FIL process. As shown, S-FIL provides 
excellent uniformity of the residual layer over the entire wafer with a standard 
deviation of 1.2 nm over the length of 200 mm. Furthermore, the transparency 
of the quartz template allows easy optical and high-precision alignment which 
is very important especially in multilayer device fabrication[144]. Imprint 
material or resist, imprint tool, and imprint mask (mold) are the three building 
blocks of a S-FIL process. Figure 2-21 demonstrates the three building blocks 
of S-FIL process along with a typical UV imprint lithography stepper used in 
S-FIL equipment.  
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Figure 2—19: Schematic demonstration of steps involved in S-FIL process. 
 
 
Figure 2—20: Highly uniform imprinted material residual layer of sub-20 nm mean 
thickness obtained in S-FIL[73]. 
 
As mentioned before, patterning arbitrary pattern densities is critical for many 
applications especially silicon ICs and patterned magnetic media [Figures 2-
6]. Therefore, since S-FIL drops resist by area’s demand, it can pattern 
varying pattern densities effectively without compromising on throughput or 
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process control in comparison to those process, where resists are spin coated 
on substrates [73,145]. Furthermore, the transparent imprint templates make it 
possible for a high-resolution layer-to-layer alignment [73,112]. 
 
 
Figure 2—21: (left) Building blocks of S-FIL process: Tool, mask, and material. 
(Right) UV imprint lithography stepper [73]. 	  
S-FIL Template 
There are basically two types of imprint template for S-FIL: The first type is 
made of rigid fused silica blanks such as photo-mask blanks. This template has 
6.35 mm thickness and is appropriate for applications where tight overlay is 
important such as silicon ICs and thin film heads in which the substrate nano-
topography is smooth. The second type of imprint template is that made of 
thinner substrates that has <1 mm thickness particularly for applications where 
nano-scale resolution overlay is not required. These thin templates allow 
patterning over rough nano-topography and large areas [73]. 
S-FIL Resists 
There are two types of resists in S-FIL, a sacrificial imprint resist and 
functional imprint material. The sacrificial imprint resist is used as an etch 
mask to transfer patterns into substrates (like photoresists in optical 
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lithography). On the other hand, the functional imprint material is not a 
sacrificial layer or it can directly become part of a device. Needless to say that 
formulating functional imprint materials for S-FIL is very difficult as it is not 
easy to meet requirements of S-FIL resist. Nevertheless, there are studies 
where TiO2[141], biomaterial[146], and low-k dielectric materials [147] are 
patterned directly using S-FIL. For more information about the S-FIL resist, 
please see section 2.2.2.2 of this thesis. 
In S-FIL process, patterns can be transferred through either regular tone etch 
or a reverse tone etch as shown in Figures 2-22. Figure 2-23 depicts a similar 
process used in tri-layer process in 193 nm photolithography processes. Here 
the resist is used as a mask to etch inorganic hard mask layer and the inorganic 
hard mask in turn, is used to etch organic hard mask layer to increase the 
aspect ratio.  Finally, organic hard mask layer functions as a hard mask to 
transfer high aspect ratio structures into the substrate. On the other hand, 
reverse tone process in Figures 2-22 and 2-23 show etching results in a pattern 
tone that is inverse of the tone of the pattern created in the imprint resist[73]. 
 
 
Figure 2—22: Standard tone (left) and reverse tone (right) etch process for imprint 
lithography [73]. 
	   44	  
 
Figure 2—23: Standard tone (left) and reverse tone (right) film stacks are shown for a 
bi-layer hard mask [73]. 	  
2.2.3.2. Roll-to-Roll Nanoimprint Lithography (R2R-NIL) 
Although NIL-based approaches have proven to have excellent capabilities, 
there are still significant challenges that need to be overcome. For example, 
patterning large single pattern field requires a large template. Besides the 
higher cost and difficulties in making such a template, large contact area 
between template and substrate can lead to stress buildup and significantly 
increases the adhesion force leading to improper demolding. It is highly 
possible that such a large contact area can damage either mold or the substrate 
due to the mismatch in thermal expansion coefficients between mold and 
substrate or due to the mechanical stress. R2R-NIL offers a unique solution to 
overcome such challenges encountered in the conventional NIL. As imprinting 
in R2R-NIL is carried out in a narrow region transverse to the substrate 
movement, it requires much smaller force to replicate the patterns. Mold used 
in R2R-NIL is like a roller mold and substrate separation proceeds under a low 
angel separation force similar to peel-off fashion, which requires much less 
force and reduces the likelihood of defects [70, 148]. Figure 2-24 shows the 
overall configuration of an R2R-NIL process that comprises of three separate 
steps: (1) coating, (2) imprinting and demolding process, and (3) any of the 
subsequent processes. As an example, the last step in this schematic represents 
a continuous metal coating process for making metal wire-grid polarizers or 
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transparent wire-grid electrode. In the first part, UV or thermal curable resist 
material is continuously coated on a flexible substrate. In the second part, 
when coated substrate comes in contact with mold for the imprinting process, 
the templates is filled by the resist, and finally the resist is cured by UV or 
heat source [138]. 
Figure 2-25 shows a sample result of patterning line structures by thermal and 
UV R2R-NIL. It can be seen that 200 mm length of a 300 nm and 700 nm 
grating imprinted by thermal R2R-NIL on PET substrate using thermal PDMS 
resin has been successfully fabricated [Figure 2-25 (a) and (b)]. Figure 2-25 
(c–e) depicts 570 mm length (10 mm width) of a 700 nm grating structure 





Figure 2—24: Schematic of an R2R-NIL machine configuration (1) coating unit, (2) 
imprinting unit, and (3) subsequent processing unit [98]. 
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Figure 2—25: Thermal R2R-NIL: (a) Photo-graph of a 700 nm period, 300 nm line 
width PDMS grating pattern imprinted on PET strip by thermal R2R-NIL and (b) the 
SEM image of the grating structure. UV R2R-NIL: (c,d) Photo of 700 nm period, 300 
nm line width epoxysilicone grating imprinted on PET substrate by UV R2R-NIL, 
showing bright light diffraction, and (e) SEM image of the grating structure[106]. 
 
2.2.3.3. Roll-to-Plate Nanoimprint Lithography (R2P-NIL) 
In many applications including flat panel displays, solar cells, patterning of 
inorganic materials, and so on, rigid substrates such as glass or silicon are 
preferred over plastic substrates. Furthermore, for direct patterning of 
functional materials may require heat-treatment after patterning, the plastic 
substrate is not a good candidate as they decompose at higher temperature. 
Therefore, patterning on rigid substrates with high temperature stability is 
required. However, because of high rigidity of such substrate, it cannot be 
used in R2R-NIL process. As a result, R2P-NIL process was introduced. 
Needless to say that R2P-NIL can be used for patterning on flexible substrates 
as well. Figure 2-26 shows the schematic view of the R2P-NIL machine with 
similar working principles to R2R-NIL[55, 148]. 
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Figure 2—26: Schematic illustration of the R2P-NIL [138]. 
An example of an R2P-NIL line/space grating imprinted structure on glass 
substrate is shown in Figure 2-27. The details are provided in reference [138]. 
In this work, several pieces of ethylene tetrafluoroethylene (ETFE) molds 
were mounted on a belt. The separation line between them has left the seams 
that can be seen between the square-shape patterned areas in Figure 2-27 (b). 
 
Figure 2—27: (b), a 4 in. wide, 10.5 in. long 700 nm period grating pattern on glass 
substrate. (c , d), SEM images of the patterned grating structure [138]. 
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2.3. Self-Assembly of Block Copolymer 
Block CoPolymers (BCPs) are of great interest for nanotechnological 
applications due to their capability for tunability of size, shape, and 
periodicity[63]. Generating periodic structure ranging from 10 nm to 100 nm 
makes BCPs a potential candidate for applications such as membranes[61-62], 
nanoparticles templates[149-164], photonic crystals [165-177], lithographic 
applications [64-67, 178-194]. BCPs provide a cost effective, high-resolution, 
and high-throughput nano-patterning capability especially if some of their 
obstacles such as reproducibility, precision morphology control, and 
defectivity are overcome[63]. In spite of the fact that BCPs is still far from 
being implemented in industrial applications for mass production, if combined 
with current nano patterning techniques such as nanoimprint 
lithography(NIL), it can offer excellent advantages particularly for template 
fabrication for NIL[185, 195-197]. 
A block copolymer consists of two or more blocks that are covalently bonded. 
As their temperature rises below their order-disorder transition temperature, 
they are driven to segregate into various nanostructures by the repulsive force 
of the immiscible blocks. This segregation process that results in the micro- 
phase separation is defined as the self-assembly of block copolymers. In a 
simple case, diblock copolymers, or AB block copolymers, are two chemically 
dissimilar polymers attached together with a covalent bond. They tend not to 
be miscible and undergo phase segregation at temperatures below their order-
disorder transition temperature due to their different chemistry. The covalent 
bond prevents macro scale phase segregation as it links the two immiscible 
polymer blocks together; thus the spacing distance, D, is limited to sizes on 
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the order of the radius of gyration of polymer chains (Rg ~10s of nm): D ~Rg 
~ aN1/2. Where “a” is the length monomer, and N equals to “N = NA + NB” 
which is the degree of polymerization[198-199]. N approximately can be 
named as the number of monomer units. The morphologies of the self-
assembled block copolymer in bulk (lamella, cylinders, etc.) are determined 
by the volume fraction of the blocks, f, degree of polymerization, N, and the 
factor with which the two blocks tend to be immiscible. This factor is 
designated quantitatively with the segmental Flory- Huggins interaction 
parameter between blocks A and B, named as χAB, that is inversely 
proportional to temperature. On the contrary, in thin films, the available 
morphologies are in plane cylinders and lamella, out-of-plane cylinders and 
lamella, perforated lamella, and spheres. Figure 2-28 shows the typical phase 
diagram of non-crystalline flexible coil-coil diblock copolymer in bulk[198-
200]. 	  
	  
Figure 2—28: Typical phase diagram of a coil-coil diblock copolymer, AB. f: the 
volume fraction of one block. χ: Flory-Huggins interaction parameter. N: degree of 
polymerization. L: lamellae, H: hexagonally packed cylinders, Q230: double-gyroid 
phase, Q229: body-centered spheres, CPS: closed-packed spheres, DIS: disordered. 
(b) Structures of the different phases described in (a). fA is the volume fraction of 
block A[200]. 
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As Figure 2-28 depicts, for nearly symmetric diblocks (f~1/2), a lamellar (L) 
phase appears. For moderate compositional asymmetries, a complex bi-
continuous state, so called the double gyroid (Q230) phase is observed where 
the minority blocks form domains consisting of two interweaving threefold-
coordinated networks. In higher compositional asymmetry, the minority 
component forms hexagonally packed cylinders (H) and then body-centered 
spheres (Q229). Finally, as f→0 or 1, a homogeneous phase is achieved [59]. 
In a copolymer consisting of two homopolymer blocks, A and B, the phase 
segregation behavior of the BCP self-assembly process can be observed by 
simply varying effective factors such as the total number of segments N, the 
volume fraction f, the Flory-Huggins segmental interaction parameter χ, and 
the molecular architecture of the BCPs. The Flory–Huggins equation is a 
simplified but powerful thermodynamic model to understand the driving 
forces (segregation strength) that cause spontaneous micro-phase separation. 
In fact, in an AB diblock copolymer, the driving force for phase-separation is 
due to the free energy cost of contact between blocks A and B, as described by 




Where ∆Gmix is the change in Gibbs free energy, T is the absolute temperature, 
K is the equilibrium constant, f is the volume fraction, and N is the degree of 
polymerization of each given blocks. The first two terms correspond to the 
configurational entropy of the system, and can be regulated via the 
polymerization chemistry to change the relative lengths of the chains and 
(1) 
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fractions of A versus B block of polymer. In the third term, χ is associated 
with the non-ideal penalty of A–B monomer contacts and is a function of both 
the chemistry of the molecules and temperature[201]. And, 
 
 
Where “a” and “b” are constants for a given composition of a particular blend 
pair. Unlike macro-phase separation that happens in blends of polymers, BCPs 
can only go undergo micro-phase separation as the connectivity of the blocks 
with covalent bond prevents it from macro-phase separation[201]. The 
strength of segregation of the two blocks is proportional to the product of χ 
and N, so called the segregation driving force. A symmetric di-block 
copolymer is predicted to pass through its order–disorder temperature (ODT)) 
when χN < 10 as Figure 2-28 (a) depicts [move along with the χN axis] 
leading to become a homogenous melt. For BCPs with higher χ, the 
segregation driving force can be higher, thus χN >10 leading to the 
nanostructure formation in bulk. Moreover, where χN >> 10 that is called as 
the strong segregation force, the width of the interfaces separating block A 
from B can be described by αχ−1/2 where α is the characteristic segment length 
of a monomer unit. Thus, block copolymers with a higher χ will exhibit 
sharper interfaces between each block, allowing for fabricating features with 
smaller edge roughness. Needless to say that edge roughness is crucially 
important for lithographic applications. Additionally, the period of the phase-
separated micro-domains can be described as D ~ αN2/3χ1/6. This suggests that 
reducing N, whilst maintaining an appropriate χN over the critical value for 
phase-separation, would lead to smaller features with a smaller period[201]. 
To put simply, to achieve smaller nanostructure in the same BCP, it is 
(2) 
	   52	  
necessary to adopt the same BCP with lower total number of BCP segments N 
meaning lower molecular weight polymers. It should be noticed that for 
lithographic applications, BCPs are used in thin films, not used in bulk. In thin 
films, the surface energetics starts taking up a larger fraction of the systems 
energetic consideration and can result in different phase behaviors opposite 
what is shown in Figure 2-28. 
2.3.1. Block Copolymer Materials 
Since the early days in the self-assembly of block copolymers, there are many 
BCPs materials system available. Materials such as polystyrene-block-
polyisoprene(PS-b-PI), poly(ethylene oxide)-block-poly(styrene-r-4-
hydroxystyrene), poly(methyl methacrylate)-block-poly(styrene-r-4-vinyl 
pyridine), polystyrene-block-poly(ethylene oxide) (PS-b-PEO), and many 
more. A list of different BCP systems can be found in the references [202-
203]. In spite of the fact that organic BCP systems such as PS-b-PMMA, PS-
b-PI and PS-b-PB have shown to be of potential applications in lithographic 
patterning, they suffer from low χ-values, thus limits fabrication of features 
with a smaller edge roughness and makes it harder scaling of domains to 
relatively large features[203]. On the other hand, although organic block 
copolymer systems with high χ-values do exist, such as amphiphilic 
polystyrene-block-poly(4-vinylpyridine), and PS-b-PEO, the possess low etch 
selectivity between the organic blocks. However, organi-inorgaic block 
copolymers are of interest in lithographic applications as they tend to have 
higher χ-values and greater etch selectivity between the blocks. Moreover, the 
introduction of inorganic blocks could offer direct patterning of functional 
materials with a desired physical or chemical property, thus, reducing the 
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number of required steps for device fabrication. Among organi-inorgaic BCP 
systems, poly(styrene)-b-poly(dimethylsiloxane) (PS-b-PDMS) is an excellent 
candidate. It offers a larger Chi, χ = 0.26, hence leading to phase-separation 
even at lower N, giving smaller domains with a smaller period and sharper 
interfaces, resulting in a lower edge roughness of the patterned features. Thus, 
for a PS-b-PDMS diblock copolymer, phase-separation can be achieved with a 
lower degree of polymerization, allowing for the potential fabrication of 
smaller, more well-defined features with a smaller period. Moreover, exposure 
of PDMS to oxygen plasma leads to the formation of SiOx at the 
polymer/plasma interface providing a strong etch resistance mask[193-203-
205]. 
2.3.2. Self-Assembly Processes 
Micro-phase separation of block polymers is a thermodynamically driven 
process that leads to periodic nano-scale morphologies. For most lithographic 
applications of self-assembled block polymers, thin film form is preferred. 
However, when block copolymers are coated as thin films, they become 
kinetically trapped in a non-equilibrium state leading to disorganized 
structures. A simple thermal annealing above the glass transition temperature 
(Tg) is sufficient to reorganize the structures and minimizing the micro-
domain defects. Thermal annealing improves chains mobility and diffusivity 
allowing them for structural reorganization. 
However, for many high molar mass BCPs systems, or BCPs with higher χ, 
thermal annealing is not very effective technique, as it requires very long 
annealing times. In order to address this issue, another annealing process so 
called solvent vapor annealing (SVA) is introduced which is generally much 
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more effective than thermal annealing. It also brings the possibility to change 
the morphology by chaining the solvents ratio and vapor pressure even using 
the same BCP[204]. In SVA, as prepared thin films are exposed to solvent 
vapors at a temperatures well below the bulk Tg of both blocks. The thin film 
uptakes solvents and swells leading to a significant increase of the polymer 
chains mobility. In fact, the effective Flory-Huggins interaction parameter 
decreases during solvent uptake depending on the fraction, f, of solvent 
incorporated into the polymer film. After solvents evaporation, polymer chains 
can form more well-organized nanostructures. The incorporated solvent 
effectively decreases the Tg and χ allowing the polymer to reach an 
equilibrium state without increasing temperatures[204]. 
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3.1. Introduction 
 
Thermal NIL is the most versatile of all the imprint techniques. This technique 
began as a way to replicate mold patterns into a thermoplastic material by 
heating the polymer above its glass transition temperature and applying 
pressure on the mold. Variations of this technique extended its adaptability to 
utilize materials such as thermosets, sol–gel films, metal-organic materials and 
polymerizable liquid metal methacrylate resists to pattern organic as well as 
inorganic materials, especially oxides [58-59, 121-122, 126, 205-210]. Direct 
NIL of oxides has generated tremendous interest due to the fact that their 
physical properties can be tailored by nanoscale patterning. One- or two-
dimension nanostructured oxides are expected to play an important role as 
functional units in electronic, optoelectronic and photonic devices[211]. Since 
oxides are hard materials and do not have a workable softening point, they are 
imprinted using ‘soft’ and ‘moldable’ precursors. The patterned precursor is 
then heat-treated to yield structured oxide. There are two popular methods for 
direct patterning of oxides using NIL the sol–gel and methacrylate routes. The 
sol–gel route with its low-temperature characteristics, good film quality, and 
as an economical way to obtain engineered ceramics has attracted a great deal 
of attention in the imprint technology. In this route, usually an alkoxide or 
acetate is used as an oxide precursor [122, 205-206, 208-210, 212]. If an 
alkoxide is used, it is stabilized against hydrolysis by a chelating agent, 
usually a β-diketone or β-ketoester, in an alcohol medium. The chelated 
alkoxide or acetate solution is spin-coated on a substrate and patterned using 
soft stamps such as polydimethylsiloxane (PDMS) and perfluoropolyether 
(PFPE) at a set pressure and temperature. However, direct imprinting of 
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oxides via this route faces two major challenges. Firstly, due to high surface 
energy of the precursors, the sol-gel imprinting requires a good mold release 
system, and secondly, the solvent in sol-gel film, which helps to ‘soften’ it for 
imprint process, may get trapped in the imprinted structures leading to 
incomplete filling of the precursor material inside the mold and resulting in 
poor demolding. Moreover, soft molds are amenable to deformation, 
especially when sub-100-nm features are desired. On the other hand, the 
methacrylate resists are prepared by reacting metal alkoxides with methacrylic 
acid. The reaction leads to the formation of liquid metal methacrylate, i.e., a 
clear solution of metal methacrylate in an alcohol byproduct. This 
polymerizable precursor is mixed with a cross-linker such as ethylene glycol 
dimethacrylate (EDMA) to form the resist for imprinting. In situ free-radical 
thermal copolymerization during imprinting leads to the reduction of surface 
energy and strengthening of patterned structures thereby giving yields close to 
100% [120, 124]. Furthermore, this approach incorporates the benefits of a 
rigid silicon mold and liquid precursor to achieve very high resolution over 
areas >1 cm × 1 cm but at a lower temperature and imprinting pressure. 
However, this route has limited applicability due to the instability of many 
metal methacrylates. 
In this work, I show an alternative method and a universal route to the direct 
nanoimprint lithography of oxides by harnessing the advantages of the sol–gel 
and polymerizable liquid metal methacrylate resist routes and at the same time 
alleviate the disadvantages associated with both these methods. This synergy 
can be achieved when alkoxides are complexed with a polymerizable 
chelating agent such as 2-(methacryloyloxy)ethyl acetoacetate (MAEAA). 
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MAEAA possesses β-ketoester and methacrylate groups – the former can lead 
to the formation of environmentally stable, chelated alkoxide complex whilst 
the latter provides the reactive methacrylate group for in situ copolymerization 
with a cross-linker during imprinting. Our preliminary work on imprinting of 
Al2O3 via this route has shown a considerable amount of promise[123]. Using 
the synergistic effect of β-ketoester and methacrylate groups in the chelating 
monomer MAEAA, I demonstrate a universal scheme for direct thermal NIL 
of various oxides such as Al2O3, Ga2O3, In2O3, Y2O3, B2O3, TiO2, SnO2, ZrO2, 
GeO2, HfO2, Nb2O5, Ta2O5, V2O5, and WO3. Furthermore, our approach also 
incorporates the benefits of a rigid mold and liquid precursor to achieve very 
high resolution over areas 1 cm × 2 cm but at a lower temperature and 
pressure to obtain yields of almost 100% after imprinting. For the sake of 
better understanding of the NIL process, our study has divided patterning 
process based on the oxidation state of the above-mentioned cations, i.e., +3, 
+4, and +5 (and above). Although examples of imprinting of all the oxides 
will be given, only two cations from each category will be used as 
representative candidates for discussing the resist behaviour. They are Al and 
Ga for +3; Ti and Sn for +4; and Nb and Ta for +5 valencies and above. The 
results for the rest of oxides are provided in the appendix A. part of this thesis. 
3.2. Materials and Method 
3.2.1. Materials 
 
Aluminium (III) tri sec-butoxide (97%, Sigma Aldrich), tantalum (V) ethoxide 
(99.98%, Sigma Aldrich), tin (IV) tert-butoxide (>99.99%, Sigma Aldrich), 
titanium (IV) n-butoxide (97%, Sigma Aldrich), vanadium (V) oxytri iso-
propoxide (Sigma Aldrich), niobium (V) ethoxide (99.95%, Sigma Aldrich), 
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yttrium (III) n-butoxide (0.5 M in toluene, ≥99.9%, Sigma Aldrich), 
germanium (IV) ethoxide (≥99.95%, Sigma Aldrich), zirconium (IV) n-
butoxide (80 wt% solution in 1-butanol, Sigma Aldrich), hafnium (IV) tert-
butoxide (99.9%, Alfa Aesar), tungsten (V) ethoxide (Alfa Aesar), gallium 
(III) iso-propoxide (mixture of oligomers, 99%, Alfa Aesar), tri-iso-propyl 
borate (98%+, Lancaster Synthesis), indium iso-propoxide (99.9%, 
Multivalent Laboratory), 2-(methacryloyloxy)ethyl acetoacetate (95%, Sigma 
Aldrich), and 1H,1H,2H,2H-perfluorodecyltrichlorosilane (96%, Alfa Aesar) 
were used as received. Ethylene glycol dimethacrylate (98%, Sigma Aldrich) 
was also purchased from Sigma Aldrich and was used after removal of 
stabilizer using an alumina column. Benzoyl peroxide (BPO), an initiator for 
thermal free-radical polymerization, purchased from Sinopharm Chemical 
Reagent Co. Ltd., was used without any further purification. 
3.2.2. Resists Formulation and Characterization 
 
The alkoxides of aluminum, yttrium, boron, titanium, zirconium, tin, 
germanium, hafnium, tantalum, vanadium, niobium and tungsten were reacted 
with MAEAA in 1:2 molar ratio inside a glove box (<5% relative humidity) to 
form the chelated precursor. Those alkoxides that are not in liquid form such 
as indium iso-propoxide and gallium iso-propoxide were first dissolved in 
toluene and then reacted with MAEAA in stoichiometric proportions. In all 
these chelation reactions, the byproduct is an alcohol that was not removed as 
it provides fluidity to the resist film during spin-coating. This byproduct 
evaporates during imprinting at temperatures >100 °C.  
The reason for choosing to react alkoxide and MAEAA in a molar ratio of 1:2 
for direct nanoimprint lithography of oxides is three-fold. Firstly, the presence 
	   60	  
of two reactive methacrylate groups chelated to the alkoxide atom provides 
better probability for them to get co-polymerized with the cross-linker, thereby 
trapping the cation inside the polymer network. Secondly, having more than 
two chelated MAEAA groups attached to the cation does not provide any 
additional benefit except to increase the undesirable mass loss during final 
heat-treatment to convert the imprinted structure to oxide. Thirdly, there is 
hardly any difference between the atmospheric stability of precursors resulted 
from reacting alkoxide and MAEAA in a molar ratio of 1:3 or 1:1. 
The final resist composition for nanoimprint lithography was made by mixing 
the respective chelated precursors with 1.5 equivalent of the crosslinker 
ethylene glycol dimethacrylate (EDMA) and 2 wt% of BPO (with respect to 
the monomers). Hereafter, the formulations will be referred to as their 
corresponding oxide resists. In order to study the stability of the precursors 
and to monitor changes in structure of the resists during polymerization, a 
NicoletTM 6700 Fourier transform infrared (FTIR) spectroscope was used. The 
suitable imprinting temperatures of the resists were determined using 
differential scanning calorimetry (DSC, TA Instruments Q100). 
Thermogravimetric analysis (TGA, TA Instruments Q500) was performed to 
follow the degradation behavior of the resists and formation of oxides. 
3.2.3. Fabrication Process 
 
The silicon substrates and molds used for imprinting were cleaned with the 
Piranha solution (3:7 by volume of 30% H2O2 and H2SO4). (Caution: Extreme 
care must be taken while handling the Piranha solution, because it reacts 
aggressively with most organic materials!). Before imprinting, the molds were 
silanized using 1H,1H,2H,2H-perfluorodecyltrichlorosilane in order to reduce 
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the surface energy, and therefore, enable clean demolding after NIL. An 
Obducat imprinter (Obducat, Sweden) was used to carry out NIL. Suitable 
temperature for thermal NIL of the individual oxide resists was determined 
with the help of DSC measurement. 
3.2.4. Characterization of Samples 
 
Scanning electron and atomic force microscopies were used to study the 
topography and morphology of imprinted features before and after heat-
treatment. A JEOL JSM6700F field-emission scanning electron microscope 
(FE-SEM) was used to obtain high-resolution images of as-imprinted as well 
as heat-treated oxide patterns. For measuring the height of the imprinted 
structures, a Digital Instruments Nanoscope® IV atomic force microscope 
(AFM) was used. An Agilent Nanoindenter G200 equipped with a Berkovich 
tip was used to test the modulus and hardness of Al2O3 thin films. A Bruker 
D8 general area detector diffraction system (GADDS) equipped with a Cu Kα 
source was used for X-ray diffraction(XRD) analysis of the metal oxide films. 
3.3. Results and Discussion 
Alkoxides are very reactive compounds due to the presence of electronegative 
alkoxy groups, which make the cations highly prone to nucleophilic attack. 
Due to their high affinity with water, hydrolysis results in the formation of 
molecular aggregates of hydrated alkoxides. However, the hydrolytic 
reactivity of alkoxides can be controlled by complexation/chelation with β-
diketones, β-ketoesters, acetic acid among others. This chemical modification 
leads to the alteration of the whole hydrolysis-condensation process, enabling 
an easy and economic way to process sol-gel materials to obtain ceramics. 
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However, an addition of extra pendant group to chelating agents such as β-
diketones and β-ketoesters offers exciting possibilities to increase the latitude 
of ceramic processing. For example, ethylacetoacetate is a well-known β-
ketoester for stabilizing alkoxides against hydrolysis by chelation for sol-gel 
processing. If a hydrogen atom from the ethyl group is replaced by a 
methacryloyloxy group, it leads to the formation of a bi-functional molecule 
which can not only chelate with alkoxides but also undergoes polymerization 
in the presence of a thermal free radical initiator. The latter is due to the fact 
that the methacrylate group in methacryloyloxy unit is a highly reactive 
polymerizable monomer. This is precisely what 2-(methacryloyloxy)ethyl 
acetoacetate (or MAEAA) does in the presence of an alkoxide. It chelates with 
an alkoxide to prevent its hydrolysis as well as provides the methacrylate 
group for polymerization. In other words, the chelated monomer-based 
precursor thus formed synergistically utilizes the advantages associated with 
both sol-gel and methacrylate chemistries, thereby leading to a much wider 
scope for processing of materials. Like other β-diketones and β-ketoesters, 
MAEAA is capable of keto-enol tautomerism, as shown in eq. 1. The enol 
form of MAEAA is stabilized by chelation with an alkoxide. Further, the 
reaction also results in the stoichiometric replacement of an alkoxy group 
(e.g., iso-propoxy group from gallium (III) iso-propoxide) by a β-ketoester 
ligand,[213-215] as shown in eq. 2. The general reaction of an alkoxide with 
MAEAA is shown in eq. 3. The hydrolytic activity of the stabilized alkoxide is 
substantially reduced, perhaps due to steric hindrance. This chelation reaction, 
often accompanied by a color change of the solution [Table 3-1], yields a 
clear, flowable and polymerizable oxide precursor. 




The FTIR spectroscopy was used to characterize the reaction between 
alkoxides and MAEAA [Figure 3-1]. The FTIR spectra of the chelated 
precursors are similar and show a large number of absorption bands/peaks 
between 750 and 1800 cm-1. The pair of absorption peaks close to 1522 cm-1 
and 1609 cm-1 is attributed to the bidentate character of cation-bonded 
MAEAA and hence is indicative of the formation of the chelated complex 
[214-215]. These peaks correspond to the ν(C C) and ν(C O) vibrations 
of the chelate ring, respectively. More importantly, the MAEAA-
functionalized oxide precursors also show characteristic peaks of carbonyl 
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group at 1721 cm-1, and methacrylate double bond at 1634 cm-1, the latter 
clearly suggesting the preservation of polymerizable double bond in the 
complexes. A shoulder at 1746 cm-1 in the FTIR spectra that corresponds to 
the carbonyl group of MAEAA may indicate incomplete reaction between 
MAEAA and the corresponding alkoxides [Figure 3-1] [149]. 
 
Table 3-1: Observation of color change due to the chelation reaction between 
alkoxides and MAEAA. 
Alkoxide Color change after the 
chelation reaction 
aluminium (III) tri sec-butoxide faint yellow 
gallium (III) iso-propoxide faint yellow 
indium (III) iso-propoxide faint yellow 
yttrium (III) n-butoxide faint yellow 
tri-iso-propyl borate transparent 
titanium (IV) n-butoxide lemon yellow 
zirconium (IV) n-butoxide light brown 
tin (IV) tert-butoxide faint yellow 
germanium (IV) ethoxide light brown 
hafnium (IV) tert-butoxide brown 
niobium (V) ethoxide transparent 
tantalum (V) n-butoxide transparent 
vanadium (V) triisopropoxide oxide reddish brown 
tungsten (V) ethoxide yellow 
 
	   65	  
 
 
Figure 3—1: Characteristic infrared absorption peaks of oxide precursors formed by 
reacting alkoxide and MAEAA in a 1:2 ratio. The general formula of the precursor is 
(alkoxide)m(MAEAA)2. The broad vibration bands corresponding to particular bonds 
are indicated on top. Table 3-2 gives details of the band assignment.  
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Table 3-2: Characteristic infrared absorption peaks of chelated oxide precursors. 
Albeit the principal peaks indicated below are for the Al2O3 precursor, other chelated 
precursors show similar values as seen in Figure 3-1. 
Absorption peak, cm-1 Assignment Peak number 
1746 νa(C=O) 1 
1721 ν(C=O) 2 
1634 ν(C=C) 3 
1609 ν(C O) 4 
1522 ν(C C) 5 
1418, 1372 δCH3 6, 7 
 
 
Stability of the chelate rings indicates the atmospheric stability of the chelated 
precursors. Figure 3-2 shows the FTIR spectra of the representative precursors 
for each valency recorded at 0, 6 and 24 hours under ambient laboratory 
conditions of 30 °C and at ~40% relative humidity. It is seen that for all the 
precursors, even after 24 hours, the FTIR spectra shows hardly any change in 
the peaks associated with the chelate rings. This shows that they are stable in 
normal laboratory conditions. Unsurprisingly, all the chelated precursors 
showed exceptional stability over a storage period of more than 3 months at 
room temperature. They were found to be clear and flowable.  
Oxide resists for NIL were prepared by adding cross-linker EDMA and free-
radical initiator BPO to the corresponding chelated precursors. They were 
subjected to TGA and DSC studies in order to understand their degradation 
behavior and to identify the polymerization exotherm, respectively [Figure 3-
3]. The TGA measurement in air showed a two step mass loss. The minor loss 
from 30 °C to 150 °C was due to the loss of alcohol byproduct / solvent and 
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the major loss from 300 °C to 550 °C occurred due to the degradation of the 
organic component. Beyond 550 °C, a constant residual weight was observed 
due to the formation of corresponding oxides [Figure 3-3(a)].  
 
 
Figure 3—2: Atmospheric stability of as-coated precursor films, after 6, and 24 hours 
at 30 °C and 40% relative humidity. 
The DSC scan showed that the thermal free radical copolymerization of 
chelated precursor and EDMA mixture in various resists occurred at in a 
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narrow range of temperatures, i.e., 80-130 °C [Figure 3-3(b)]. For every oxide 
resist, their respective polymerization exotherm was used as a guide to initiate 
in situ free radical copolymerization during NIL. 
 
 
Figure 3—3: (a) TGA analysis of the Al2O3, Ga2O3, TiO2, SnO2, Nb2O5 and Ta2O5 
resists showing mass losses during continuous heating to 800 ºC. (b) DSC data 
showing the exothermic peaks of onset of the thermal free-radical copolymerization 
in Al2O3, Ga2O3, TiO2, SnO2, Nb2O5 and Ta2O5 resists. 
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Figure 3—4: Time-resolved FTIR data of (a) Al2O3 (b) TiO2 and (c) Nb2O5 resists 
heat-treated at 120 °C. Notice the peak corresponding to the polymerizable –C=CH2 
group decreases in intensity with increasing heat-treatment time.  
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Time-resolved FTIR studies were also used to monitor the thermal 
copolymerization reaction in the oxide resists [Figure 3-4]. The FTIR 
spectrum of the oxide resists before polymerization closely resembles their 
respective precursors. It was observed that after the thermal copolymerization, 
the intensity of the methacrylate double bond at 1634 cm-1 decreased 
significantly. It is noteworthy that the enolic ν(C C) at 1522 cm-1 and enolic 
ν(C O) complexed with cation at 1609 cm-1 remain unaffected after the 
polymerization. This confirms the fact that the cations remain trapped inside 
the polymer matrix after the polymerization reaction. 
3.3.1. Nanoimprint Lithography of Oxides 
The schematic of the steps involved in direct NIL of oxides is shown in Figure 
3-5. Imprinting of all the oxide resists were carried out in two steps. Firstly, at 
room temperature (30 °C) a pressure of 30 bar was applied for 300 sec to 
ensure a complete filling of the 250 nm equal line-and-space grating mold 
(aspect ratio= 1) with the resist. Secondly, whilst holding the pressure 
constant, the coated substrate and mold were heated between 110 and 130 °C 
for 1000-1600 sec in order to induce thermal free radical copolymerization in 
oxide resists. This lead to hardening of the imprint. The assembly was cooled 
down to room temperature after imprinting. The pressure was then released 
which was followed by a clean demolding, giving ~100% yield over ~1 cm × 
2 cm area. Cross-sectional SEM studies show that the width and height of the 
imprinted features were slightly smaller than the actual dimensions of the 
mold – a result most likely due to the polymerization-induced shrinkage of the 
patterns[216]. 
The minimum temperature required to burn off the organic content completely 
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from the oxide resists was determined using the isothermal TGA analysis. X-
ray diffraction (XRD) analysis confirmed the formation of oxides from their 
respective resins after heat treatment at different temperatures[Appendix A]. 
 
 
Figure 3—5: Schematic illustration of the nanoimprint lithography process that 
involved in direct patterning of the resists. 	  
As examples, Figures 3-6 shows photo of as- imprinted Ta2O5 and Al2O5 
grating structure on a silicon substrate using 250 nm line/space silicon mold. 
As shown, a defect free and uniform nanostructures have been fabricated over 
the large area of about 1 cm × 2 cm on silicon substrate. 
 
 
Figure 3—6: Photo of as-imprinted (a) Ta2O5 and (b) Al2O3 grating structure on a 
silicon substrate using 250 nm line/space silicon mold. 	  
Table 3-3 provides the heat-treatment conditions used to convert imprinted 
resists to amorphous / crystalline oxide patterns. With some exceptions, 
generally speaking, pattern shrinkage close to 80% with respect to the original 
mold size was observed [Table 3-3]. Except for WO3, in all the cases, the 
imprinted structures maintain their integrity even after the heat-treatment. The 
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AFM analysis showed that the aspect ratio between 0.5 and 1.5 (as opposed to 
the aspect ratio of 1 for molds used in the imprinting) was achieved for oxide 
patterns after heat treatment [Figures 3-7, 3-8, and 3-9]. The reason for such a 
difference of aspect ratios in various oxides may be attributed to the difference 
in organic content before heat-treatment. However, the shrinkage appears to 
be nearly uniform over the entire imprinted structure. Although there is a 
reduction in the size of the patterns after heat-treatment, the center-to-center 
pattern distance remains the same, whilst the edge-to-edge pattern distance 
increases, clearly showing a slight decrease in the feature density of heat-
treated patterns. Whilst the calcination shrinkage comes at the cost of pattern 
density, it is actually an easy and cheaper way to access the nanoscale. As the 
aim is to minimize the organic losses and maximize the oxide content after 
heat-treatment in patterns without compromising their integrity, a judicious 
formulation of composition of the resist containing alkoxide, MAEAA and 
EDMA is essential. In our case, their relative ratios were 1:2:1.5. The ratio of 
1:2 between alkoxide and MAEAA was used to ensure trapping of the 
chelated alkoxide monomer during in situ copolymerization. 
On the other hand, the ratio of 2:1.5 between MAEAA and EDMA lead to 
consistently high yields close to ~100%. Furthermore, this composition of 
resist also determines the imprinting time. The imprinting time can be 
significantly reduced if the amount of the EDMA is increased. However, a 
penalty is paid in the form of increased organic losses leading to smaller 
amount of remnant oxide after heat-treatment in the imprinted patterns.  
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Table 3-3: Summary of the approximate feature size reduction at every step of the 
imprinting of various oxides with a 250 nm grating mold (aspect ratio = 1) using the 



















































Al2O3 225 10 
450 °C 
for 1 h 55 76 78 
Ga2O3 200 20 
450 °C 
for 1.5 h 43 79 83 
In2O3 185 26 
300 °C 
for 1 h 130 30 48 
Y2O3 165 34 
450 °C 
for 1 h 49 70 80 
B2O3 200 20 
300 °C 
for 3 h 150 25 40 
TiO2 171 32 
450 °C 
for 1 h 40 77 84 
ZrO2 147 41 
400 °C 
for 1.5 h 65 56 74 
SnO2 170 32 
450 °C 
for 1 h 165 3 34 
GeO2 162 35 
350 °C 
for 1 h 53 67 79 
HfO2 194 22 
450 °C 
for 1 h 55 72 78 
Nb2O5 176 30 
475 °C 
for 1 h 57 68 77 
Ta2O5 197 21 
450 °C 
for 1 h 58 71 77 
V2O5 131 48 
375 °C 
for 1.5 h 115 12 54 
WO3 175 30 
450 °C 
for 1 h - - - 
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Figure 3-7 shows the FE-SEM images of as-imprinted and heat-treated 
structures of Al2O3, Ga2O3, In2O3, Y2O3 and B2O3 patterned using their 
respective resists containing +3 valency cations. None of these resists were 
found to be imprintable using the methacrylate route[120]. However, the sol-
gel route appears to be successful in patterning Al2O3 and In2O3 – the former 
used the nitrate route [122] whilst the latter was imprinted using a 
commercially available sol-gel-based indium-tin oxide precursor[208]. Out of 
these resists, the most interesting case is that of B2O3. The precursor for B2O3 
resist was prepared by reacting tri iso-propyl borate with MAEAA in a 1:2 
molar ratio. However, the FTIR study of the precursor indicates that there is 
hardly any chelation between the alkoxide and MAEAA. This is not surprising 
as tri iso-propyl borate is well-known for its inability to chelate under normal 
conditions[217]. However, the presence of MAEAA and cross-linker EDMA 
in B2O3 resist resulted in in situ copolymerization during imprinting leading to 
the trapping of tri iso-propyl borate in the polymer structure. This clearly 
suggests that alkoxides such as tetraethoxysilane (a precursor for SiO2), which 
do not chelate easily with β-ketoesters, may also be imprinted using this 
method. 
TiO2, ZrO2, SnO2, GeO2 and HfO2 resists containing +4 valency cations were 
imprinted and heat-treated as shown in the composite FE-SEM images [Figure 
3-9]. Among these oxides, TiO2, due to its outstanding material properties, has 
been extensively patterned using the sol-gel route [205, 207, 210]. Other 
oxides may also be imprinted using the sol-gel method as they form stable 
chelated alkoxides when reacted with β-diketones and β-ketoesters. On the 
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other hand, only TiO2 and ZrO2 are amenable to NIL using the methacrylate 
route[120, 124]. 
 
Figure 3—7: Imprinting of resists containing +3 valency cations. Composite FE-SEM 
images of as-imprinted and heat-treated structures of Al2O3, Ga2O3, In2O3, Y2O3 and 
B2O3 using a 250 nm equal line and space silicon grating mold. The insets show the 
structures at a higher magnification. The AFM line traces of the corresponding heat-
treated imprinted structures are shown on the right. 
 
Among the oxides imprinted in Figure 3-8 using the chelated monomer route, 
SnO2 and GeO2 stand out because of their unusual behavior. The former 
shows a very low shrinkage loss after heat-treatment of imprinted structures 
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whilst the latter forms unusual residual layer pattern after imprinting. 
Reduction of the film thickness by diluting GeO2 resist in n-butanol and 
subsequently imprinting it did not lead to any substantial change in the 
residual layer pattern. However, heat-treatment of the imprinted GeO2 resist 
lead to the disappearance of this pattern. The reason for this strange behavior 
is unclear. 
 
Figure 3—8: Imprinting of resists containing +4 valency cations. Composite FE-SEM 
images of as-imprinted and heat-treated line structures of TiO2, ZrO2, SnO2, GeO2 
and HfO2 using a 250 nm equal line-and-space silicon grating mold. The insets show 
the structures at a higher magnification. The AFM line traces of the corresponding 
heat-treated imprinted structures are shown on the right. 
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Figure 3-9 shows the FE-SEM images of as-imprinted and heat-treated 
structures of the resists containing +5 valency cations and higher. The resists 
in this category include Nb2O5, Ta2O5, V2O5, and WO3. No attempts have 
been made to pattern these oxides using the sol-gel method. The methacrylate 
route, on the other hand, was successfully used to imprint Nb2O5 and 
Ta2O5[120]. It is interesting to note that except for WO3, all the imprinted 
structures maintain their integrity even after the heat-treatment. This 
characteristic behavior may be due to excessive loss of organics and/or rapid 
grain growth. Attempts to minimize the collapse of the imprinted structures by 
reducing the residual layer thickness did not yield promising results. 
Direct nanoimprinting of oxides by the chelated monomer route offers 
significant advantages over the sol-gel and methacrylate routes. The former 
mainly uses a soft mold for NIL and requires a critical amount of solvent for 
patterning. The chelated monomer route, just like the methacrylate route, 
offers the convenience of liquid monomers which can be imprinted at lower 
pressures without worrying about the removal of solvent. It was observed that 
the presence of small amount of solvent left over in the spin-coated film aids 
in imprinting at lower pressures and its presence does not seem to hinder the 
free-radical polymerization. The in situ polymerization in the chelated 
monomer system gives rise to hardened pattern features and thus facilitates 
clean demolding with ~100% yield over 2 cm × 1 cm areas. 
By adjusting the metal content in the overall formulation, one should be able 
to control the degree of pattern shrinkage after heat treatment. More 
importantly, unlike methacrylate route, the chelated monomer route 
synergistically utilizes the advantages associated with both sol-gel and 
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methacrylate chemistries, thereby leading to an increased latitude for 
processing of materials. This is evidenced by the fact that our scheme is not 
only able to pattern oxides which can be imprinted using sol-gel or/and 
methacrylate routes, but also those which are impossible to pattern with either 
of these two methods. 
 
Figure 3—9: Imprinting of resists containing +5 valency cations and higher. 
Composite FE-SEM images of as-imprinted and heat-treated line structures of Nb2O5, 
Ta2O5, V2O5, and WO3 using a 250 nm equal line-and-space silicon grating mold. The 
insets show the structures at a higher magnification. The AFM line traces of the 
corresponding heat-treated imprinted structures are shown on the right. 
 
In another attempt, to demonstrate that the formulated resists are insensitive to 
features size and shape, two other molds including 200 nm dimple and 100 nm 
grating were used to pattern Al2O3. As Figure 3-10(a) depicts, a crack free 
residual layer nanopatterns of Al2O3 has been successfully imprinted. For 
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better comparison, 250 nm line nanopatterns also is shown. As seen, 250 nm 
and 100 nm grating molds gave ~225 nm and ~47 nm pattern widths, 
respectively. On the other hand, a 200 nm dimple mold gave ~150 nm wide 
pillars. Cross-sectional SEM studies reveal that Al2O3 resist gives a crack-free 
residual layer at film thicknesses as large as ~840 nm [Figure 3-10b]. Diluting 
the resist in an organic solvent can reduce the residual layer, or coating the 
thin film is higher spin coating speed can also lead to the same results. Notice 
that the cross-section has a trapezoidal profile with a slightly smaller height 
and width than the mold. Such a profile originates due to the polymerization-
induced shrinkage of patterns inside the mold. Heat-treatment of these gratings 
resulted in their shrinkage due to the loss of organic matter without affecting 
the integrity. 
A few words must be said about the long-term chemical stability of the resists. 
Although the chelated precursors used in the preparation of the resists were 
found to be exceptionally stable, the same can’t be said about the resists. The 
oxide resists for NIL were prepared by adding a cross-linker and a free-radical 
initiator to the corresponding chelated precursors. The presence of initiator 
appears to affect the long-term stability of the NIL resists. For example, 
Al2O3, Ga2O3, In2O3 and TiO2 resists were found to be stable even after 3 
months of storage. Resists for imprinting Y2O3, Nb2O5, and ZrO2 were found 
to be stable for more than a month. On the other hand, V2O5 and WO3 resists 
were stable for the time period of less than a week. Nevertheless, the chemical 
stability of chelated monomer-based approach is far superior to that of the 
metal methacrylate route, the latter’s shelf-life ranges from anywhere between 
a few days to at most a month. 
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Figure 3—10: (a) Composite SEM images of various as-imprinted and heat-treated 
structures of Al2O3 using different molds. The insets show the structures at higher 
magnification. The AFM line traces of the corresponding heat-treated imprinted 
structures are shown on the right. (b) Cross-sectional SEM image of Al2O3 gratings 
made from a 250 nm line/space mold before (left) and after (right) the heat-treatment. 
Differences in the width of the imprinted lines can arise from statistical variation in 
the size of the gratings across the entire mold. 
One could ask about the mechanical properties particulary hardness of the 
oxides achieved using this technique. To address this, Al2O3 thin film prepared 
by current resist formulation is characterized using nanoindentation technique. 
The modulus and hardness were found to be 49.5±3.5 GPa and 2.4±0.3 GPa, 
respectively. Unsurprisingly, these values are approximately 9 and ten times 
lower than what is mentioned in the literature[218-219]. This may be due to 
the relatively low heat-treatment temperature and presence of carbon from the 
precursor. 
Limitations to Universality? Of the variety of oxides imprinted in this study, 
the most egregious absence is the cations that have valencies of +1 and +2. 
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This may suggest that our method of using chelatable monomer like MAEAA 
to produce precursors for NIL of oxides lacks universality. On the contrary, 
the problem arises primarily due to the poor solubility of alkoxides of +1 and 
+2 valency cations in organic solvents. Moreover, these alkoxides can be 
expensive and difficult to prepare in a laboratory. The other problem that may 
arise is the lack of or weak chelation behavior of MAEAA with alkoxides such 
as those of boron and silicon. As we have seen, this problem can be 
circumvented by trapping their respective alkoxides in the polymer network 
comprising of the chelated monomer and cross-linker to produce imprinted 
structures. 
A related issue with universality is whether monomers other than MAEAA 
can be used to perform NIL of oxides. Preliminary studies on imprinting of 
TiO2 using allyl acetoacetate, a β-ketoester with a monomer pendent, yielded 
satisfactory results with ~100% yield. It may also be surmised that β-
ketoamines with a monomer group are also potential chelating agents for 
alkoxides to produce metal oxy-nitrides using NIL[220]. 
3.4. Conclusions 
A universal way to pattern oxides by thermal nanoimprinting lithography 
using stable and polymerizable precursors formed by reacting MAEAA, a 
chelating monomer, with alkoxides has been demonstrated. MAEAA 
possesses β-ketoester and methacrylate groups – the former helps in the 
formation of environmentally stable, chelated alkoxide with a long shelf-life 
whilst the latter provides a reactive methacrylate group for in situ 
copolymerization with a cross-linker during imprinting. The use of MAEAA 
leads to synergistically utilizing the advantages of the sol-gel and methacrylate 
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routes whilst alleviating drawbacks associated with both of them. Imprintable 
oxide resists were formed by mixing polymerizable chelated alkoxides with 
EDMA, a cross-linker, and BPO, a thermal free-radical initiator. During 
imprinting using a rigid silicon mold, these resists underwent thermally 
initiated in situ free radical copolymerization that led to the trapping of the 
cation, lowering of surface energy of the resist and strengthening of the 
imprint. This enabled easy and clean demolding over 1 cm × 2 cm patterned 
area with ~100% yield. Successful imprinting was demonstrated for numerous 
oxides such as Al2O3, Ga2O3, In2O3, Y2O3, B2O3, TiO2, SnO2, ZrO2, GeO2, 
HfO2, Nb2O5, Ta2O5, V2O5, and WO3. Thermolysis of the imprinted patterns 
yielded amorphous/crystalline oxide patterns with good integrity. 
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4.1. Introduction 
Thin film metal oxides, due to their excellent electrical, mechanical and 
optical properties and high transparency, continue to be tremendously 
important for myriad applications, particularly solar cells, sensors, 
photocatalysts, thin film transistors, transparent electrodes and other devices 
[221-223]. This has given impetus to nanostructuring of metal oxides due to 
the potential for amelioration of device performance due to miniaturization.  
In recent times, this has been greatly enabled by solution processing of metal 
oxides which has led to various micro- and nano-structuring approaches such 
as optical lithography [224, 225], electron beam lithography [226-228], direct 
write assembly[229], two-photon lithography[230], electrohydrodynamic 
patterning[231], proton beam writing[232], thermal [120, 233] and UV 
nanoimprint lithographies (NIL)[234-235]. Among them, UV-NIL has 
emerged as a viable alternative to the other above-mentioned conventional 
techniques due to its favorable combination of simplicity, versatility, low-cost, 
high resolution and the potential for achieving high throughput[59, 78, 98]. 
UV-NIL is generally achieved by pressing a rigid, patterned template or mold 
into a UV-curable liquid resin to form a corresponding pattern in the resin 
film. Subsequently, the formed film is cured with an ultraviolet light to enable 
the reverse tone transfer of the mold topography into the film upon demolding. 
Being a contact-lithography technique, UV-NIL is capable of achieving very 
high resolution beyond the limitation set by light diffraction or beam 
scattering that is encountered in conventional optical exposure-based 
lithography techniques. Furthermore, the transparency of the template 
simplifies high-precision optical alignment processes, allowing for a high 
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overlay accuracy per unit of time invested. As a subset of UV-NIL, step-and-
flash imprint lithography (S-FIL) exploits the above mentioned characteristics 
in the specific context of UV curable liquid resins as the patterning media. 
Liquid resins have the particular advantage of good transport properties to 
speed the filling of mold cavities and the spreading of resin from areas where 
feature density is low to other regions where feature density is higher. Liquid 
resins generally conform very well to the surfaces they are in contact with and 
do so at very low pressure (~100 kPa). S-FIL exploits these advantages in the 
fabrication of micro- and nano-structures in step-and-repeat fashion over an 
entire wafer at speeds in excess of, or competitive with, conventional 
techniques such as photolithography and electron beam writing, respectively. 
In S-FIL, a low-viscosity, photo-curable resin is locally dispensed dropwise on 
the substrate over a drop map area corresponding to the template patterned 
area. Then the quartz template is brought into contact with the resin to form a 
stack. The resin is then photo-polymerized by exposing it to UV light through 
the transparent template, resulting in the formation of rigid imprinted features. 
In terms of fully organic resins, the photo-polymerizable monomers used in S-
FIL are typically either acrylate- or vinyl ether-based formulations, with the 
former more popular than the latter due to easy availability of inexpensive 
monomers[130, 135, 236-238]. 
In recent years, the importance of organic-inorganic hybrid resins to fabricate 
nanostructures with inorganic character using NIL has gained considerable 
attention[120-121, 205-206, 233, 239]. However, conventional NIL 
techniques such as UV- and thermal NIL rely heavily on a one-step, whole-
wafer patterning process, which requires a large and expensive mold to 
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achieve large area patterning. Furthermore, the difficulty in controlling and 
minimizing defects and achieving good residual layer uniformity increases 
considerably with increasing imprint field area. S-FIL in contrast can utilize 
relatively small molds in order to solve both issues of economics and defect 
control. Furthermore, S-FIL is greatly advantaged over competing 
nanoimprinting techniques by its employment of drop-on-demand inkjet 
dispensing in order to fill non-uniform mold cavity distributions while 
retaining uniform residual layer thicknesses. In addition to easier access to the 
nanoscale via calcination, S-FIL fabrication with hybrid resins exhibits a 
number of other advantages over other oxide patterning techniques. These 
include a general reduction in the number of steps involved in surface 
structuring and device fabrication, lower overall process temperatures relative 
to direct melt embossing of oxides, and complete elimination of the need for 
vacuum etching for applications that do not require etching of the substrate. 
Most of the scientific activity here is largely confined to thermally-curable 
resin formulations, as the monomer and precursor synthesis is relatively 
straightforward, and the resin formulation is fairly easy to prepare. For a 
successful S-FIL of metalorganic resins, the precursor must be transparent, 
stable, photo-polymerizable and soluble in reactive diluents to form a low 
viscosity, flowable and dispensable resin. Furthermore, organic solvent in the 
resin must be kept to near-zero, as evaporation at an inkjet dispense orifice 
leads to condensation at the tip and this causes the alkoxide to precipitate out 
leading to a white residue build-up that clogs the dispense tip orifice. Due to 
these stringent requirements imposed on resin formulation, S-FIL is not 
widely used for patterning of oxide films, and resist formulation remains a 
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persisting challenge in oxides patterning by S-FIL. As an example, a study has 
recently carried out demonstrating proof-of-concept S-FIL of titanium dioxide 
(TiO2) with an acrylate-based resin formulation containing allyl-functionalized 
titanium-complexes, where difficulties in obtaining a chemically stable oxide 
precursor that was resistant to auto-homopolymerization were identified[140]. 
Auto-homopolymerization had the effect of greatly reducing the shelf-life of 
the formulated resin employed in the study to less than a week[140]. 
A potential solution to the problem of obtaining a more chemically stable 
oxide precursor was recently proposed by Dinachali et al. by reacting metal 
alkoxides with a polymerizable chelating agent such as 2-
(methacryloyloxy)ethyl acetoacetate (MAEAA)[233]. MAEAA possesses β-
ketoester and methacrylate groups – the former leads to the formation of 
highly stable, chelated alkoxide complexes whilst the latter provides the 
reactive group for participation in free-radical polymerization. The reaction of 
a metal alkoxide with MAEAA results in the formation of a metalorganic 
precursor mixed with an alcohol byproduct. Preliminary assessment of the 
suitability of these precursors was carried out by removing the alcohol 
byproduct under reduced pressure followed by examination to check for auto-
homopolymerization. The resultant product was a stable, transparent, lightly 
coloured, polymerizable and viscous liquid metal oxide precursor freely 
soluble in acrylate-based reactive diluents with remarkable immunity to auto-
homopolymerization. Resins formulated using these chelated oxide precursors 
exhibited at least a 30-fold improvement in shelf-life relative to previous 
work[140]. Along with enhanced performance and shelf-life, in this work we 
have utilized the aforementioned improved resin formulation approach to 
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demonstrate a versatile approach for S-FIL patterning of a host of metal 
oxides such as Al2O3, HfO2, TiO2, ZrO2, Nb2O5, and Ta2O5 in step-and-repeat 
fashion over a large area. Although patterned examples of all the oxides are 
given, Nb2O5 in particular will be used as a representative candidate for 
discussing resin behavior. 
4.2. Materials and Method 
4.2.1. Materials: 
Aluminium (III) tri-sec-butoxide (97%, Sigma Aldrich), hafnium (IV) tert-
butoxide (99.9%, Alfa Aesar), titanium (IV) ethoxide (Sigma Aldrich), 
zirconium (IV) tert-butoxide (99%, Strem Chemicals), niobium (V) ethoxide 
(99.95%, Sigma Aldrich), tantalum (V) ethoxide (99.98%, Sigma Aldrich), 
and 2-(methacryloyloxy)ethyl acetoacetate (95%, Sigma Aldrich) were used 
as-received. Ethylene glycol diacrylate (Sigma Aldrich), iso-butyl acrylate 
(Sigma Aldrich), 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl 
methacrylate (Sigma Aldrich), and 2-hydroxy- 2-methylpropiophenone 
(Sigma Aldrich) were used without any further purification. 
4.2.2. Resist Formulation And Characterization 
The alkoxides of aluminium, hafnium, titanium, zirconium, niobium, and 
tantalum were reacted with MAEAA in a 1:2 molar ratio inside a glove box 
(<5% relative humidity) leading to the formation of chelated precursor and an 
alcohol as a byproduct. The byproduct was preferentially removed by 
subjecting the mixture to a reduced pressure in a vacuum chamber. In all 
cases, a viscous liquid was obtained. To this, iso-butyl acrylate and ethylene 
glycol diacrylate were added as reactive diluent and cross-linker, respectively. 
To reduce the surface energy of imprinted resin and enable clean demolding 
	   89	  
after S-FIL patterning, 2 wt.% of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl methacrylate was added to the resin formulation as a 
surfactant, along with 2 wt.% of 2-hydroxy- 2-methylpropiophenone as a 
photo-initiator.  Finally, the resins (henceforth called ‘oxide resins’ and more 
specifically, e.g., ‘Nb2O5 resin’) were purged with argon gas for 4-6 minutes 
to reduce the concentration of dissolved O2 and thereby reduce oxygen 
inhibition. 
A Nicolet 6700 Fourier transform infrared (FTIR) spectroscope was used to 
analyze the change in molecular structure of chelated precursors and of the 
resins before and after photopolymerization. The degradation temperature of 
organic constituents and formation of metal oxides was studied using 
thermogravimetric analysis (TA Instruments Q500). A photodifferential 
scanning calorimeter (p-DSC, TA Instruments Q100) equipped with a UV 
source (power: 300 mW cm-2) was used to estimate the curing time for 
different resins.  
4.2.3. Samples Fabrication- S-FIL of Oxides 
An Imprio 100 from Molecular Imprints, Inc., (USA) was used to carry out 
step-and-flash imprint lithography of oxides. Double-sided, polished 4” silicon 
wafers were used as substrates. Silicon wafers and quartz templates were 
cleaned using piranha solution (3:7 by volume of 30% H2O2 and H2SO4) for 
1.5 h to remove surface organic contaminants. This was followed by washing 
with deionized water and blow-drying using a nitrogen gas gun. After 
cleaning, the silicon wafers were spin-coated with a 2 nm thin layer of 
adhesion promoter called TranSpin (Molecular Imprints, Inc.) and baked at 
195 °C for 5 minutes. Pre-cleaned quartz templates containing the various 
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features presented herein were silanized with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane for 8 h to decrease their surface energy and to 
enable clean separation after imprinting. The Imprio 100 utilizes a single 
orifice drop dispense tip and dispenses resin droplets according to a computer 
generated drop map. A suitable drop map was programmed according to the 
features present on the quartz template.  The silicon wafer and quartz template 
were then loaded and then precision-leveled against each other. S-FIL 
patterning was accomplished by bringing the wafer and template into contact 
in the presence of a helium shroud, spreading the dispensed metal-organic 
resin drops under an applied force of 8 N for 180 seconds, exposing the stack 
to broadband UV irradiation for 60 seconds and then separating vertically to 
reveal the cured, patterned field. This process is repeated, sans leveling, to 
step-and-repeat imprint fields across the wafer. 
4.2.4. Characterization of Imprint Results 
To study the topography and morphology of imprinted features before and 
after calcination, scanning electron and atomic force microscopy were used. A 
JEOL JSM6700F field-emission scanning electron microscope (FE-SEM) was 
used to acquire high-resolution images. A Digital Instruments Nanoscope IV 
atomic force microscope (AFM) was used to find the height of the 
nanostructures. For X-ray diffraction (XRD) analysis, the oxide resins 
presented herein were spin-coated on a silicon substrate, photo-polymerized 
with UV radiation, and finally calcined at different temperatures. A Bruker D8 
general area detector diffraction system (GADDS) equipped with a Cu Kα 
source was used for XRD analysis of the metal oxide films. 
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4.3. Results And Discussion 
The success of patterning functional metal oxides using S-FIL strongly 
depends on the resin formulation. An S-FIL imprint resin is a mixture of 
various polymerizable components in which each component adds a desired 
characteristic to the final polymerized, structured film. Broadly speaking, 
there are four main components of a metal oxide resin to be employed for S-
FIL. First – a polymerizable metal oxide precursor, usually an inorganic 
coordination complex, which participates in polymerization during UV 
exposure and forms metal oxide after calcination of the imprinted structures. 
Second – a reactive diluent which is used to adjust the viscosity of the 
polymerizable metalorganic complex. Third – a cross-linker which provides 
mechanical strength, and finally fourth – a photo-initiator to initiate photo-
polymerization leading to solidification of the resin. Among these four, the 
most critical component of the resin is the polymerizable metal oxide 
precursor. Such a complex should preferably be of low viscosity and suitably 
transparent to avoid absorption of UV light during photo-polymerization. 
Furthermore, it must be resistant to auto-homopolymerization and stable 
against hydrolytic activity without significant changes to its viscosity within 
its useful shelf life. A popular way to form polymerizable metalorganic 
complexes is to react a metal alkoxide with a polymerizable monomer such as 
methacrylic acid or 3-butenoic acid [120, 140]. This is because of the 
simplicity of the reaction as metal alkoxides are very reactive compounds due 
to the presence of electronegative alkoxy groups that cause the metal atom to 
be highly prone to nucleophilic attack. Unfortunately, in most cases, the 
reaction between metal alkoxides with methacrylic acid [120] or 3-butenoic 
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acid [140] does not yield a processable liquid. Furthermore, metal 
methacrylates, and to some extent allyl-functionalized metal-complexes, suffer 
from shorter shelf life due to the problem of auto-homopolymerization. 
Therefore, an improved reaction scheme for S-FIL resin formulation is 
desirable. 
 
Recently, we reported that reacting metal alkoxides with a polymerizable 
chelating agent such as MAEAA yields a polymerizable metalorganic liquid 
that is clear, stable, flowable and of low viscosity[140]. MAEAA is a bi-
functional molecule that possesses β-ketoester and methacrylate groups. The 
β-ketoester group is capable of undergoing keto–enol tautomerism, as shown 
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in eq. 1; the enol form of MAEAA is stabilized by chelation with aluminum 
tri-sec butoxide that results in the formation of a chemically stable, chelated 
alkoxide perhaps due to steric hindrance (eq.2). On the other hand, the 
methacrylate group in MAEAA provides a reactive monomer that takes part in 
polymerization in the presence of a photo-initiator. The chelating reaction 
often results in a slight colour change of the solution and yields a 
polymerizable metalorganic precursor. 
Preliminary studies were conducted to study the suitability of this route for S-
FIL resin formulation by subjecting the chelated metal alkoxides (of Al, Hf, 
Ti, Zr, Nb and Ta) to low pressure to remove the alcohol byproduct (eq.3). 
This was to investigate the possibility of auto-homopolymerization. It was 
noted that the removal of alcohol byproduct lead to the formation of 
transparent, often slightly coloured, stable to auto-homopolymerization yet 
viscous liquid containing polymerizable oxide precursors [Figure 4-1(a)]. We 
speculate two-fold reasons for the exceptional stability of metal alkoxides 
chelated with MAEAA in comparison to their corresponding methacrylic acid- 
and allyl-terminated carboxylic acid-chelated derivatives. First, the very 
nature of the chelation between the metal center and the ligands is different. In 
case of a carboxylic acid, the carboxylate anion replaces the alkoxy group and 
binds to the metal center and thus resulting in the final product having the 
same co-ordination number as of the alkoxide. On the other hand, one 
equivalent of MAEAA (a β-ketoester in its enol form) replaces one equivalent 
of alkoxy group, but resulting in the final product having an additional co-
ordination number due to the extra co-ordination bond between the β-ketoester 
group and the metal center. Secondly, the chemical environment of the 
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reactive end group could potentially determine the occurrence of auto-
homopolymerization. The longer chain length of MAEAA molecules put the 
methacrylate groups farther from each other due to the steric hindrance offered 
by the lengthy chain. As a result, the number of collisions between the 
methacrylate groups is reduced, thereby decreasing the probability of auto-
homopolymerization. This is in striking contrast to metal methacrylates (and 
to some extent allyl-functionalized metal-complexes), as they undergo auto-
homopolymerization upon any attempt to remove alcohol present as a 
byproduct from the reaction of a metal alkoxide with methacrylic acid[120, 
140]. We believe that these synergistic factors contribute to the enhanced 
shelf-life of the MAEAA-chelated metal precursors. Predictably, all the 
chelated precursors, except for ZrO2, showed excellent stability over a storage 
period of more than 3 months at room temperature. They were found to be 
transparent and flowable. The storage period for ZrO2 was found to be limited 
to ≈2 weeks. 
To understand the chelation reaction, FTIR spectroscopy was used to 
characterize the viscous polymerizable metal oxide precursors [Figure 4-1(b)]. 
Their FTIR spectra were found to be similar and show a large number of 
absorption bands/peaks between 1000 and 1800 cm-1. The pair of absorption 
peaks corresponding to the ν(C C) and ν(C O) vibrations of the chelate 
ring at 1522 cm-1 and 1609 cm-1, respectively, is attributed to the bidentate 
character of cation-bonded MAEAA. This is indicative of the formation of the 
chelated complex[214-215]. Noteworthy is the presence of characteristic 
peaks of carbonyl group at 1721 cm-1 and methacrylate double bond at 1634 
cm-1 in MAEAA-functionalized metal oxide precursors, the latter strongly 
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suggests the preservation of a polymerizable double bond in the complex. A 
shoulder at 1746 cm-1 that corresponds to the carbonyl group of MAEAA may 
indicate incomplete reaction between MAEAA and the corresponding metal 
alkoxides [Figure 4-1(b)] [149]. 
Resins for the S-FIL of oxides were formulated by adding reactive diluent, 
cross-linker and photo-initiator to the respective polymerizable metal oxide 
precursors. Since the precursors have a relatively high viscosity, iso-butyl 
acrylate – a reactive diluent, was added to lower the viscosity. Ethylene glycol 
diacrylate served as a cross-linker, and due to its relatively low viscosity, it 
also partly served the purpose of a reactive diluent. The molar ratios between 
alkoxide, MAEAA, iso-butyl acrylate and ethylene glycol diacrylate was 
1:2:2:1 for Al2O3, HfO2, TiO2 and ZrO2 resins. Finally, the resist were purged 
under Argon gas to minimize dissolved O2 molecules. Table 3-1 shows as an 
example the procedure involved in formulating the Nb2O5. 
On the other hand, Ta2O5 and Nb2O5 resins had a ratio of 1:2:1:1. Additional 
iso-butyl acrylate was added to the former set of resins due to the relatively 
high viscosity of their oxide precursors. Of course, it is worthwhile to note that 
reducing the viscosity in this manner comes at the cost of additional shrinkage 
and loss of oxide content upon calcination. The formulation of the above-
mentioned molar ratios takes this consideration into mind in order to maintain 
post-calcination integrity. The final resin composition in all cases possessed a 
viscosity of <10 mPa.s. For comparison, Nb2O5 resin and a fully organic 
‘blank’ formulation in a 2:1:1 molar ratio of MAEAA, iso-butyl acrylate and 
ethylene glycol diacrylate exhibited viscosities of 7.5 mPa.s and 4.6 mPa.s, 
respectively. These resin formulations were found to possess excellent 
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dispensability. Generally speaking, a viscosity of less than 10 mPa.s is suitable 
for inkjet or drop dispensing with S-FIL, which is well within the suggested 
limit of the viscosity (20 mPa.s) requirement for the S-FIL[236]. 
 
Figure 4—1: (a) Clear, stable and slightly coloured metal oxide precursors formed 
when alcohol byproduct was removed following the reaction shown in Equation 3. 
(b) Characteristic infrared absorption peaks of metal oxide precursors formed by 
reacting metal alkoxide and MAEAA in a 1:2 ratio. The broad vibration bands 
corresponding to particular bonds are indicated at top. Table 4-1 shows details of the 
band assignment.  
	   97	  
Table 4-1: Characteristic infrared absorption peaks of chelated metal oxide 
precursors. The principal peaks indicated below are for the Al2O3 precursor. Other 
chelated precursors show similar values as shown in Figure 4-1(b). 
Absorption peak, cm-1 Assignment Peak number 
1746 νa(C=O) 1 
1721 ν(C=O) 2 
1634 ν(C=C) 3 
1609 ν(C O) 4 
1522 ν(C C) 5 
1418, 1372 δCH3 6, 7 
 
Table 4-2: As an example, the procedure involved in formulating the Nb2O5 resist. 
1 mM 
Niobium (v) ethoxide 
 
 
 +  
 
2 mM 
 of 2-(methacryloyloxy) ethyl 
acetoacetate 
 
 +  
 
1 mM  
Ethylene glycol diacrylate (cross 
linker) 
 




 +  
 




 +  
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To determine the absorbance of UV radiation by the oxide resins, ultraviolet-
visible (UV-Vis) spectrophotometry was carried out [Figure 4-2]. It was seen 
that Al2O3, HfO2, ZrO2 and Ta2O5 resins have a steep and sharp UV 
absorption starting at ~320 nm unlike TiO2 and Nb2O5 resins which show a 
wider range of wavelengths for UV absorption. Photo-DSC studies showed 
that it takes about 30 s to completely cure each resin with UV exposure 
[Figure 4-3]. 
Figure 4-4 shows how individual resin components contribute to the final 
FTIR spectrum of Nb2O5 resin, where said spectrum is generally 
representative of all oxide resins presented here. The effect of UV radiation on 
Nb2O5 resin was also followed by FTIR. After a 2 min UV exposure, the -C=C 
peak disappears, confirming that the resin completely cures after this period of 
exposure. Furthermore, it was observed that the metal-carbonyl chelation bond 
remains unaffected during the polymerization, implying that the metal atoms 
are incorporated into the polymerized network. This, of course, confirms that 
resins containing oxide precursors will convert into oxide nanostructures after 
the S-FIL patterning step. 
A Molecular Imprints Imprio 100 unit (Molecular Imprints, Inc.) was used for 
S-FIL patterning of metal oxide resins. A schematic of the process steps is 
shown in Figure 4-5, where the resin was first deposited on a silicon wafer by 
direct drop-dispensing, followed by contact and spreading by a quartz 
template containing a 100 nm line & space grating, with an aspect ratio of 1. 
The volume of individual droplets was pre-adjusted during trial runs in order 
to achieve fully patterned imprint fields. Dispense tips were thoroughly 
cleaned in an ultrasonic bath sequence of methanol, ethanol and iso-propyl 
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alcohol and then completely dried with a nitrogen gas gun in order to remove 
both alkoxide residues and solvents. If alkoxide residues are deposited at the 
tip orifice upon evaporation of solvents, they will generally clog the tip. 
 
Figure 4—2: UV-vis spectroscopy of Al2O3, HfO2, TiO2, ZrO2, Nb2O5, and Ta2O5 
resins. 
 
Figure 4—3: Photo-DSC of Al2O3, HfO2, TiO2, ZrO2, Nb2O5, Ta2O5 and ‘blank’ 
(fully organic) resins. 
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Figure 4—4: FTIR spectra of individual components contributing to the final FTIR 
spectrum of Nb2O5 resin. At bottom are the pre- and post-UV exposure spectra of 
Nb2O5 resin showing the effect of photo-polymerization. Note the absence of the -
C=C band after exposure.  
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Figure 4—5: Schematic representation of process steps involved in S-FIL patterning 
and calcination of oxide films. 
Additionally, alcohols will generally cause the alkoxide components to 
precipitate out of the resin, presumably due to alcoholysis[220], forming 
insoluble particles. Thus, care was taken to remove all such solvents from the 
dispense tip and the dispense lines connected to the tip in order to prevent 
clogging. After a dwell time of 120 s under an applied force of 8 N to spread 
the resin and dissolved any trapped air bubbles, exposure was accomplished 
via UV irradiation through the transparent quartz template for 120 s to photo-
polymerize the resin. This was followed by a demolding step. Separation 
forces were found to be in the range 10-25 N for different oxides resins for a 1 
cm2 patterned field. Full step-and-repeat mode is demonstrated in Figure 4-
6(a) using Nb2O5 resin, where a total of nine fields were imprinted across a 4” 
silicon wafer. Figures 4-6(b) and Figure 4-7 show SEM cross-section and 
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overhead views of as-imprinted 100 nm gratings as well as the calcined results 
for Nb2O5, Al2O3, HfO2, TiO2, ZrO2 and Ta2O5 resins. 
Due to similar patterning behavior, Nb2O5 resin will be discussed here in 
greater detail. Figure 4-6(b) shows the top view and cross-sectional SEM 
images of imprinted Nb2O5 resin. The cross-sectional SEM image shows that 
the width and height of the imprinted features were slightly smaller than the 
actual dimensions of the mold – a result attributed to shrinkage inherent to 
acrylic resins[216]. For example, 100 nm grating molds gave ~76 nm line-
widths with a residual layer thickness of ~80 nm. Despite shrinkage, the 
aspect ratio of the mold was closely maintained. Likewise, similar 
observations can be made from the gratings patterned with Al2O3, HfO2, TiO2, 
ZrO2 and Ta2O5 resins [Figure 4-7 and Table 4-3].  
TGA analysis was used to determine the minimum temperature required to 
remove the organic content completely during calcination to form 
nanostructured oxide films. It was noted that an isothermal calcination at 475 
ºC for 1 hour was sufficient to burn-off organic content from all candidate 
resins [Figure 4-8], and in some cases the heat treatment was sufficient to 
form a crystalline phase in the oxide film as shown in the XRD results [Figure 
4-9]. This calcination step was used to convert the structured metalorganic 
films to their respective oxides.  SEM and AFM analyses were used to study 
the effect of calcination on the pattern shrinkage [Figure 4-6(b), Figure 4-7 
and Table 4-3].  The final size of oxide lines was found to be in a range of 20-
25 nm. AFM analysis showed that aspect ratios of 1 [of the mold] were closely 
maintained in all the patterned oxides. This suggests that the shrinkage is 
nearly uniform over the entire imprinted area.  
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Figure 4—6: (a) Demonstration of step-and-repeat S-FIL patterning of 9 imprint 
fields across a 4 in silicon wafer at high yield using Nb2O5 resin with a quartz 
template, the latter consisting of 100 nm line/space gratings over 1 cm × 1 cm area. 
Each field was imprinted in a serpentine sequence starting from top right and moving 
down. (b) Composite SEM images of as-imprinted, calcined Nb2O5 gratings. The 
insets show the gratings at higher magnification. At right is a corresponding AFM 
line trace of the imprinted, calcined structures. At bottom are cross-sectional SEM 
images of the gratings before and after calcination. (c) Immunity to the effect of 
variation in pattern density in a mold during an imprint. From top-left, clockwise: 
SEM images of 150 nm dot pattern, with 150 nm edge-to-edge spacing; 1µm lines 
with 1µm spacing; 100 nm lines with 50 nm, 100 nm, 150 nm and 300 nm edge-to-
edge spacing; a composite pattern with micron and nanoscale features; triangles with 
micron scale thicknesses converging with nanoscale spacing between them; micron-
sized lines showing a vernier scale.  
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Figure 4—7: Composite SEM images of various imprinted, calcined structures of 
Al2O3, HfO2, TiO2, ZrO2 and Ta2O5 using a 100 nm line & space grating quartz 
template. The insets show the structures at a higher magnification. The corresponding 
AFM line traces are shown at right. 
 
Feature shrinkage depends on the amount of the oxidized metal in relation to 
the total amount of the oxide precursor, the volume of other organic 
components such as reactive diluents, cross-linkers and additives, the 
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calcination temperature and finally the size of the oxide unit cell formed after 
calcination. Calcination leads to reduction in the pattern size, a reduction in 
duty cycle, whilst keeping the center-to-center pattern distance and pattern 
density (in terms of feature count per unit area) constant. Furthermore, 
calcination shrinkage is a relatively easy means of accessing nanoscale 
structures in the 20-25 nm resolution regime and below. 
Table 4-3: Summary of the approximate feature size reduction at every step of the 
imprinting process of various oxides with a 100 nm line & space grating mold (aspect 
ratio 1). The imprinted patterns were subjected to an isothermal calcination at 475 ºC 
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S-FIL patterning was also carried with more arbitrary mold structures as 
shown in Figure 4-6(c) with Nb2O5 resin. A quartz template containing 
composite features such as hexagonal dots, micron-scale lines, nanoscale lines 
with different pattern densities and a mixture of micro- and nanoscale features, 
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was employed as a general test of the filling and transport performance of 
Nb2O5 resin [Figure 4-6(c)]. Despite the variation in pattern geometry and 
density, the mold filling behaviour of the resin was found to be comparable to 
fully organic acrylic resins. Obtained yield of early imprint fields was 
estimated by inspection to be >95%. However, after approximately 5 fields 
were successfully patterned, a decrease in the patterned area was observed due 
to caking onto the quartz mold. This is most likely due to progressive 
degradation of the silanized anti-stick coating applied to the mold [240]. 
 
 
Figure 4—8: Isothermal TGA analysis at 475 °C of Al2O3, HfO2, TiO2, ZrO2, Nb2O5 
and Ta2O5 resins. 
It has been shown that the polymerizable oxide precursors for S-FIL prepared 
by reacting metal alkoxides with MAEAA offer a versatile route to pattern 
oxides using S-FIL. This was partly enabled by the fact that all metal 
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alkoxides used herein were available in a liquid state at room temperature 
which facilitates subsequent processing after the reaction with MAEAA to 
obtain metal oxide precursors. One challenge that may arise would be cases 
where solid metal alkoxides are required as feedstock to produce 
polymerizable oxide precursors. Poor solubility in alcohols used to facilitate 
the reaction with MAEAA would be a limiting factor that would need to be 
addressed in order to expand the availability of this approach. 
 
 
Figure 4—9: The XRD results of imprinted oxides including Al2O3, HfO2, TiO2, 
ZrO2, Ta2O5 and Nb2O5. Except Al2O3 that is amorphous, XRD patterns of the rest of 
oxides are in agreement with the standard JCPDS number. 
 
4.4. Conclusions 
To conclude, I have demonstrated a versatile route for S-FIL patterning of a 
host of oxide films including Al2O3, HfO2, TiO2, ZrO2, Ta2O5 and Nb2O5 over 
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MAEAA, a polymerizable chelating agent, and mixing them with a reactive 
diluent, cross-linker and photo-initiator. MAEAA uses the synergistic effect of 
β-ketoester and methacrylate groups to achieve excellent chemical stability 
and fast curing of the metal oxide precursor, respectively. Furthermore, this 
polymerizable metal oxide precursor is resistant to auto-homopolymerization, 
which greatly extends shelf lifetime from several weeks to 3 months or more. 
Additionally, the β-ketoester group in MEAA also enables sol-gel processing 
and complex formation with a large variety of alkoxides with a single 
formulation scheme, which is not possible with allyl-functionalized metal-
complexes or metal methacrylate-based monomers. Given the advantages of a 
sol-gel route and the associated stability it provides to the alkoxide complex, 
we believe this approach is versatile enough to enable formulation and S-FIL 
patterning of many other oxides in addition to those shown herein. Finally, 
unlike allyl-functionalized metal-complexes, polymerizable oxide precursors 
are near-transparent, leading to less absorption of irradiated UV light during 
S-FIL patterning and consequently shorter exposure times and higher 
throughput. 
In short, we have developed a metalorganic resin formulation scheme that 
yields low viscosity, chemically stable, flowable, and light colored UV-
curable oxide forming resins suitable for S-FIL. Calcination of various 
metalorganic resin films imprinted with a 100 nm line & space mold enabled 
linewidths, with shrinkage, in a narrow range of 20-25 nm. Our method of 
rapid patterning of oxide films using S-FIL can potentially decrease the 
number of steps involved in surface structuring and device fabrication, lower 
the overall process temperatures needed to achieve patterned oxide films in 
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comparison to direct melt embossing of oxides, and eliminate the need for 
vacuum etching to achieve similar results with photolithographic processing. 
  
	   110	  
 
Chapter 5 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Thermo-Solvent annealing of Block 
Copolymer Thin Films 	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5.1. Introduction 
Due to it facile, cost-effective, tunability of size, shape and periodicity, self-
assembly of block copolymers (BCPs) is receiving increasing attention as a 
potential candidate for a next-generation patterning technique that allows high 
throughput fabrication of structures ranging from 10-100 nm with very high 
precision[63, 197, 241]. Unlike the traditional lithography techniques that use 
radiation (photons, electrons, or ions), which limit their resolution, advantages 
such as very high resolution and potential compatibility with any substrate 
types make BCPs an outstanding candidate for future nano-fabrication[2]. 
In a simple case, a diblock copolymer, or AB block copolymer, is two 
chemically dissimilar polymers attached together with a covalent bond that 
reduces miscibility of blocks resulting in the micro-phase segregation at 
temperatures below its order-disorder transition temperature[63, 202, 242]. 
The covalent bond prevents macro-scale phase segregation whereas micro-
phase separation of blocks, which is a thermodynamically driven process, 
leads to periodic nano-scale morphologies[63, 202, 242]. However, when a 
block copolymer is coated as a thin film, the most preferred form for 
lithographic applications, it becomes kinetically trapped in a non-equilibrium 
state offering disorganized or a short range ordering, limiting their 
applications when larger area nanopattern are desired. Therefore, different 
annealing processes such as thermal, solvent, and combination of thermal and 
solvent for self-assembly of BCPs have been investigated [192, 243-245], to 
facilitate self-assembly in order to achieve structures with long range 
orderings and better registration. Different approaches for controlling the 
orientation of phase-separated micro-domains including applying shear 
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field[246-247], temperature gradient[248], graphoepitaxy[249] electric field 
alignment[250], magnetic field alignment[251], and directional 
solidification[252] have been introduced. 
In thermal annealing, BCPs are heated above the glass transition temperature 
(Tg) but below the order–disorder transition temperature (ODT) to stimulate 
micro-phase separation. However, this is less effective or ineffective while 
annealing high-χ BCPs such as poly(styrene)-block-poly(dimethylsiloxane) 
(PS-b-PDMS) is performed, as they can have ODTs far above their 
degradation or chain scission temperatures[203, 253]. Furthermore, the 
diffusion coefficient decreases rapidly as χ value increases, leading to longer 
annealing times in order to achieve micro-phase separation[254]. This 
problem can be addressed using solvent vapor annealing (SVA) approach in 
which solvent molecules interact with BCPs causing swelling of the BCPs, 
thus reducing the diffusive energy barrier and leading to micro-phase 
separation at lower temperatures[192]. In addition, variety of morphologies 
with different domain size and spacing can be generated in a single BCP 
material by exposing it to different solvents vapors[255-257]. Moreover, the 
solvent removal rate can affect orientation and correlation length of micro-
domains offering additional levels of control, which is not available in thermal 
annealing[258-262]. 
Besides, combinations of SVA and thermal annealing have been explored, 
recently. In the work of Zhang et al. [244], poly(styrene)-b-poly(methyl 
methacrylate) (PS-b-PMMA) and poly(styrene)-b-poly(2-vinylpyridine) (PS-
b-P2VP) films were exposed to tetrahydrofuran (THF) solvent vapor and 
microwave, simultaneously. It was reported that the substrate resistivity, 
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solvent environment, and anneal temperature all influenced the self-assembly 
process. Borah et al. also reported microwave-assisted solvo-thermal (in 
toluene vapor) self-assembly and directed self-assembly of a very low 
molecular weight PS-b-PDMS. Park et al. [263] by applying heat to a stainless 
steel chamber containing solvent reservoir and BCPs samples, templated self-
assembly of BCPs was claimed within minutes time frame. In spite of the fact 
that good pattern orderings were reported by combining SVA and thermal 
annealing processes, understanding the mechanism of the combined annealing 
process may be complicated. For instance, temperature affects not only the 
rate of solvent update directly, but also the solvent vapor pressure and the 
solubility of solvent in the film[192]. To address this issue, most recently, 
Kevin W. Gotrik and C. A. Ross reported a solvothermal annealing 
method[192], in which the effects of a combined thermal and solvent vapor 
anneal were quantified by heating the swollen BCP film without changing the 
temperature of the surrounding solvent vapor environment, and by tracking the 
swelling ratio profile of thin films of PS-b-PDMS in situ as they were exposed 
to solvent vapor and subsequently to a thermal cycle. Well-ordered micro-
domains PS-PDMS films annealed in toluene and n-heptane vapors for total 
process times of 30 s to 5 min were achieved on templated substrates. 
However, using heat to quench the swelled BCP films may cause dewetting of 
films adding to the complexity of the annealing process. 
Here, I introduce thermo-solvent process for annealing BCPs self assembly, 
by sequential combining thermal and SVA annealing processes to achieve 
long-range orderings in micro-domains on non-templated substrates. In 
thermo-solvent annealing, BCPs films are pre-heated for two minutes in a 
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temperature above Tg of blocks followed by an immediate introduction of 
BCPs films into a chamber containing room temperature saturated vapors of 
annealing solvents. A subsequent quenching of BCPs films by air completes 
the process. Long range orderings of micro-domains for in-plane cylinders of 
45kg/mol PS-PDMS BCPs films with handful number of defects over an area 
of 2 µm × 2 µm were achieved. Pre-heating at temperature above Tg lowers 
BCP films swelling rate, structurally relaxes BCPs films, and swells films to a 
small extent before proceeding to solvent annealing process. Combination of 
these three phenomena may facilitate self-assembly of block copolymers 
leading to a better morphology. 
5.2. Materials and Method 
Si wafers were chemically functionalized with hydroxy terminated 
polydimethylsiloxane-monofunctional (PDMS brush, 0.8 kg mol
–1
, Polymer 
Source- P10627A-DMSOH) by spin coating the brush solutions (1.5 w% in 
cyclohexane) onto the substrates and then heating in a vacuum oven (~ 20 
Torr at 170 °C for 16 h) followed by rinsing with toluene. The PDMS-brush-
coated substrates were coated with 32±2 nm thin films of PS-PDMS (45.5 
kg/mol, Polymer Source, Inc. P7517-SDMS, f
PDMS
 = 0.31, D
0
 = 32 nm) by 
spin coating the PS-PDMS solution [2wt% in propylene glycol methyl ether 
acetate (PGMEA) solvent]. For thermo-solvent annealing process, a dedicated 
chamber capable of offering independent control over sample and solvent 
vapor temperature was built. After thermo-solvent annealing, a 5 second CF
4
 
RIE (50 W, 15 mTorr) was carried out to remove the top PDMS wetting layer 
followed by a 22 second oxygen RIE (6 mTorr, 90 W) to remove the PS 
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matrix and oxidizes the underlying in-plane cylinder forming oxidized-PDMS 
or SiOx patterns[185]. Scanning electron microscope (SEM) images were 
acquired using a Gemini 982, Zeiss/Leo system, and for atomic force 
microscopy (AFM) studies a Bruker Nano scanned probe microscope system 
with a Dimension 3100 microscope and a Nanoscope IV controller were used. 
Before the pre-heating process, the thermo-solvent annealing chamber was 
allowed to saturate at an ambient temperature of 24 °C with vapors of toluene 
and n-heptane (5:1 vol mixture) resulting from a reservoir of the solvents 
underneath the sample’s holder. The reason for 5:1 solvent ratio is due to the 
fact that this solvent ratio tends to be nonselective between the two PS and 
PDMS blocks, thus producing thin film micro-domains characteristic of the 
bulk morphology of the PS-PDMS. BCPs thin films of PS-PDMS annealed in 
this mixed-solvent vapor produced in-plane cylinders. The samples were pre-
heated at ~110 °C for 2 minutes outside the chamber. Following turning off 
the heater, the films were introduced immediately into the chamber. After 50 
minutes solvent annealing, samples were quenched by air. 
5.3. Results and Discussion 
Schematic illustration of the thermo-solvent annealing process is shown in 
Figure 5-1 (a). Figure 5-1 (b) shows a photo of the chamber built for the 
thermo-solvent annealing process. Thermo-solvent annealing process 
comprises two steps: Pre-heating and solvent annealing. In the first step, 
before introducing thin film into the chamber, the film is pre-heated above Tg 
of PS and PDMS blocks to about ~110 °C for 2 minutes using a flexible heater 
connected to a voltage source. We allow 1 minute time during which thin film 
reaches to a uniform temperature across its surface, thus the whole pre-heating 
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process takes about 3 minutes. In the second step, after turning off the heater, 




Figure 5—1: a) Schematic illustration of the thermo-solvent annealing process. After 
2 minutes heating, sample is introduced inside chamber experiencing 50 minutes of 
solvent annealing in a 5:1 mixture of toluene and n-heptane. b) Photo of the dedicated 
chamber built for thermo-solvent annealing process. 
 
Thermal Annealing Step 
During the first step, BCP film experiences only thermal annealing on heating 
it above the Tg of the blocks. Swelling ratio profile of the film was recorded 
using spectral reflectometry throughout the annealing process [Figure 5-2 (a)]. 
As Figure 5-2(a) depicts, during pre-heating step, films swell as the 
temperature increases to ~110 °C, and remain almost constant while holding 
for 2 minutes followed by a sharp drop when the heating source is off. For 
better understanding, swelling behavior of PDMS	  homopolymer (1390 kg/mol 
(100,000 cSt, Dow Corning 200 fluid) and PS homopolymer (1350 kg/mol, 
Polymer Source, Inc. P620-S) were studied under pre-heating. A higher 
swelling ratio resulting from pre-heating was observed in the PDMS compared 
to the PS homopolymer, perhaps due to its higher thermal expansion 
coefficient of the former[Figure 5-2(a)]. As expected, PS-PDMS swelling 
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behavior falls in between the two homo-polymers. Since pre-heating was 
carried out at temperature higher than Tg and below polymer ODT and 
degradation temperature, thermal expansion overcomes structural relaxation 
leading to the swelling of films rather than collapsing or densification of 
films[264-266]. As a result, PS-PDMS films are already swelled caused by 
pre-heating before introducing them into the solvent annealing chamber. 
Moreover, pre-heating decreases χ value whereas it increases BCPs chains 
mobility[192]. 
 
Solvent Annealing Step 
During the second step, when thin film is introduced into the chamber, its 
temperature decreases and it starts absorbing solvent, the former lead to 
increase in χ value[202] and decrease in chain mobility, while the latter 
decreases effective χ value and increases its diffusivity[192]. As a result, the 
second step of the thermo-solvent annealing characterizes a compromise 
between temperature decrement and solvent uptake. It is noteworthy to 
mention that rate of solvent uptake for thermo-solvent process is lower than 
that of a pure solvent annealing process, due to the pre-heating effect that 
prevents penetration of solvent while the thin film is at higher temperature 
[Figure 5-2(b)-inset]. When the BCP thin film’s temperature reaches to the 
room temperature, for the rest of the process, BCP film experiences solvent 
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Figure 5—2: Swelling ratio profile of BCP films during thermo-solvent annealing 
process. a) Swelling behavior of PS, PDMS homopolymer and PS-PDMS BCP 
during pre-heating step. b) Swelling ratio profile of 32 ± 2 nm PS-PDMS films during 
thermo-solvent annealing process. Green and red line show swelling ratio for sample 
with 50 minutes solvent anealing and for sample with 2 minutes preheating followed 
by 50 minutes solvent annealing, respectively. Inset) shows magnified swelling ratio 
behavior at early stage of solvent and thermo-solvent annealing processes, and 
compares solvent uptake rate between the two annealing processes.  
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Unsurprisingly, a drop was observed in the swelling ratio profile of the non-
pre-heated sample [Figure 5-2(b)] which is in agreement with previous 
findings[192, 267]. However for the pre-heated samples, the drop was hardly 
observed. It is claimed that this drop is related to a situation in which after  
sufficient amount of solvent penetrates into the film, lowers the Tg, increases 
polymer mobility to relax part of the free volume that was kinetically trapped 
during spin-casting and reduces entanglements [192, 267]. However, in our 
case, pre-heating at temperature above Tg may have caused relaxation of the 
thin BCP films. More interestingly, better micro-phase separation was 
observed in pre-heated sample as compared with non-pre-heated sample in 
which bigger drop was detected [discussed latter]. This is also in agreement 
with the most recent finding in which better micro-phase separation was 
achieved in PS-PDMS BCPs with a smaller drop in its swelling ratio profile, 
however the reason for this is not clear [192]. Lastly, it is not well understood 
that what else happens during the transition step when BCP films 
simultaneously experience decrease in temperature and increase in solvent 
vapor pressure. 
In order to understand appearance of the drop in the swelling ratio profile of 
the films, surface morphology of the two samples, one with about 5 minutes 
solvent annealing (drop is appearing at about 5 minutes) and the other one 
with 2 minutes pre-heating followed by 5 minutes solvent annealing were 
examined using a scanning electron microscopy (SEM). Figure 5-4 (a) depicts 
as-casted film showing a micellar structure. During the annealing process, 
micelles absorb more solvents which lowers the BCP’s Tg and leads to their 
disappearance [Figure 5-3(a)]. Atomic force microscopy (AFM) studies 
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revealed that the micellar islands have height more than 20 nm and it 
decreases while annealing process moves forward, in comparison to as coated 
film [Figure 5-3(b)]. However, at the same time, in the pre-heated sample no 
island was observed [Figure 5-3(c)]. As a result, the physical picture for 
appearance of the drop might be due to the disappearance of the micellar 
islands add to the structural relaxation of thin film. On the other hand, in the 
pre-heated sample, disappearance of the islands was observed after about 10 




Figure 5—3: a) Formation of micellar islands after about 5 minutes solvent 
annealing. b) 3D AFM trace of a 5 minutes solvent annealed sample. c) SEM image 
of a 5 minutes thermo-solvent annealed sample that shows no micellar island 
formation. Insets show images are higher magnification. d) Surface morphology of 10 
minutes thermo-solvent annealed sample. 	  
The reasons for appearance of the drop may be two fold. First, it could be due 
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to the reason that swelling ratio after 10 minutes of thermo-solvent annealing 
is higher than the swelling ratio after 5 minutes of solvent annealing, though 
the decrement in thermo-solvent annealed sample’s height resulting from the 
disappearance of micellar islands might not be considerably large as compared 
with the overall thickness of the film. Consequently, the drop may not be 
clearly observed in the swelling ratio profile. Second, it may be due to the fact 
that swelling rate (slope of the swelling ratio curve) in the pre-heated sample 
after 10 minutes is much higher than that in no-pre-heated sample about 5 
minutes. And, if the swelling rate of film is higher than the disappearance rate 
of micellar islands, it could not be recorded since the spectral reflectometry 
measures the overall thickness of the final film. 
Micro-domain morphologies were analyzed using SEM. As Figure 5-4 (b) 
shows, 2 minutes pre-heating decreases the micellar surface density of the as 
coated film, and 50 minutes solvent annealing offers very short range ordering 
of PS-PDMS in-plane cylinders [Figure 5-4(c)]. However, when 2 minutes 
pre-heating process was combined with the 50 minutes solvent annealing 
process, long range orderings of micro-domains with handful number of 
defects over an area of 1.5 µm × 1.5 µm on a non-pre-patterned substrate were 
observed [Figure 5-4(d)]. 
It is not very clear that why a 2 minutes pre-heating process must affect 
significantly a 50 minutes process. The reason for better morphology may be 
three fold. Firstly, it may be related to the observation of smaller or no drop in 
the swelling ratio profile of the thermo-solvent annealed sample[192], perhaps 
due to the structural relaxation caused by pre-heating. Secondly, as the 
morphology of the micro-domains depends on the both, swelling and 
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deswelling steps[192], it could be also related to the lower rate of swelling in 
the pre-heated BCP film as heat decreases the swelling rate significantly 
[Figure 5-2(b)-inset]. Thirdly, pre-heating swells BCP films [Figure 5-2(a)], 
thus the pre-swelled films might facilitate self-assembly process. The room 
temperature thermo-solvent process effectively facilitated self-assembly 
offering better morphology without solvent condensation that generally 
encountered at high temperature solvent annealing processes. 
 
	  
Figure 5—4: Process flow and composites SEM images of the thermal, solvent, and 
thermo-solvent annealing processes. a) As coated PS-PDMS film with micellar 
structures due to the selectivity of PGMEA solvent against BCP blocks. b) SEM 
image of a PS-PDMS thin film after 2 minutes thermal annealing at 110 °C. c) SEM 
image showing surface morphology of a PS-PDMS thin film after 50 minutes solvent 
annealed at 24 °C followed by air quenching. d) SEM image of a PS-PDMS thin film 
that is annealed thermally for 2 minutes at 110 °C, then an immediate 50 minutes 
solvent annealing at 24 °C, and ended with an air quenching. 	  
In order to understand the role of pre-heating on final morphologies, a 
decoupling experiment was performed. Pre-heated BCP thin film was 
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introduced into the solvent chamber with 30 minutes delay in contrast to the 
previous case when the pre-heated sample was immediately introduced in to 
chamber. We assume that 30 minutes provide enough time for the BCP films 
to reach its original stage, perhaps the same condition before the pre-heating. 
It was found that the results from the decoupled experiments seems to be 
similar to our observation in solvent annealing process alone [Figure 5-5 (a) 
and (b)]. This suggests that the duration over which films experiences thermal 
and solvent annealing simultaneously plays an important role in the whole 
thermo-solvent annealing process. 
	  
Figure 5—5: SEM images of the coupled and de-coupled thermo-solvent annealing. 
a) Result of a decoupled annealing in which after 2 minutes pre-heating, solvent 
annealing was conducted with a 30 minute delay. b) Result of a 50 minute solvent 
annealed at 24 °C. c) Results of a coupled annealing over which thermally annealed 
sample for 2 minutes at 110 °C was immediately introduced into the chamber for 50 
minutes solvent annealing at 24 °C. 	  
Moreover, pre-heating at different temperature did not improve the results 
significantly [Figure 5-6(a), (b), and (c)], perhaps due to the fact that at 
temperatures above Tg polymers exhibit similar behaviors. However at higher 
temperature, ~140 °C and ~180 °C, more dewetting in thin films were 
observed. As a result, for the thermo-solvent annealing process, pre-heating 
samples at ~110 °C for 45 kg/mol PD-PDMS on a silicon substrate may be 
recommended. 
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Figure 5—6: SEM images of PS-PDMS films in thermo-solvent annealing at (a) 100 
°C, (b) 140 °C, and (c) 180 °C. 	  
5.4. Conclusions 
In summary, a thermo-solvent annealing process for self-assembly of block 
copolymers consisting of a very short thermal annealing above Tg and below 
ODT followed by an immediate solvent vapor annealing at room temperature 
was introduced. The method provides precise control over the both thermal 
and solvent annealing steps independently as heating BCP film carried out 
locally without heating the solvent chamber meaning that solvent reservoir can 
remain at any desired temperature (here at the ambient temperature). It was 
found that sequentially combining thermal annealing with solvent annealing 
offers better micro-phase separation leading to a long range ordering in the 
self-assembly of PS-PDMS block copolymers. In addition, pre-heating at 
temperatures far higher than Tg of PS-PDMS, eg., ~140 °C and ~180 °C, does 
not significantly improve the micro-phase separation, in contrast may cause 
dewetting of thin films. Moreover, transition step during which the pre-heated 
sample is introduced into the solvent chamber experiencing both the solvent 
and thermal annealing plays important role in the final morphology. Thermo-
solvent annealing process may be considered as an alternative annealing 
process for achieving long range ordering in self-assembly of BCPs. The 
reason for why thermo-solvent annealing is offering long range ordering was 
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not well understood. However, it may be related to the lower rate of swelling, 
or based on the most recent findings it may be related to the small or no drop 
in its swelling ratio profile, which arise from the pre-heating effects that 
structurally relaxes BCP films. It should be noted that this process was 
examined only on PS-PDMS BCP, so it may be worthwhile working on 
different BCP systems to examine the capabilities of the process.  
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Chapter 6 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Conclusions and Future Works 
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6.1. Conclusions 
This dissertation explored oxides nano-patterning using the two potential next 
generation nanolithography candidates- nanoimprint lithography and self-
assembly of block copolymers. 
• In Chapter 3, a universal scheme to pattern oxides by thermal 
nanoimprinting lithography using stable and polymerizable precursors 
formed by reacting MAEAA, a chelating monomer, with alkoxides 
was introduced. MAEAA possesses β-ketoester and methacrylate 
groups – the former helps in the formation of environmentally stable, 
chelated alkoxide with a long shelf-life whilst the latter provides a 
reactive methacrylate group for in situ copolymerization with a cross-
linker during imprinting. The use of MAEAA leads to synergistically 
utilizing the advantages of the sol-gel and methacrylate routes whilst 
alleviating drawbacks associated with both of them. In order to 
demonstrate the universality of the method, successful imprinting of 
numerous oxides such as Al2O3, Ga2O3, In2O3, Y2O3, B2O3, TiO2, 
SnO2, ZrO2, GeO2, HfO2, Nb2O5, Ta2O5, V2O5, and WO3 were shown 
with an easy and clean demolding over 1 cm × 2 cm patterned area 
with ~100% yield. Moreover, this method offers resists with long 
shell-life at least 3 months, which is important from the 
commercialization point of view. 
• In Chapter 4, a roadmap for nanopatterning of oxides using step-and-
flash imprint lithography (S-FIL) was discussed. For oxide 
nanofabrication using S-FIL, metal-organic resin formulation scheme 
that yields low viscosity, chemically stable, flowable, and light colored 
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UV-curable was developed. These resists enable rapid patterning of 
oxide films using S-FIL which can potentially decrease the number of 
steps involved in surface structuring and device fabrication. This 
makes possible nanofabrication of oxides over large area on any 
substrate type at room temperature and low pressure with resolution 
close to sub-20 nm feature size. This technique offers an easy way to 
achieve patterned oxide films in comparison to direct melt embossing 
of oxides, and eliminate the need for vacuum etching to achieve 
similar results with photolithographic processing. 
• In Chapter 5, an annealing process for BCP self-assembly called 
thermo-solvent annealing was developed to improve the long range 
order for a given processing time, by combining thermal and solvent 
vapor annealing processes. The process consisting of a very short 
thermal annealing above Tg and below ODT followed by an immediate 
solvent vapor annealing at room temperature. 
1. Thermo-solvent annealing offers precise control over the both 
thermal and solvent annealing steps independently. It also 
allows solvent reservoir and thin films to remain at any desired 
temperature. 
2. It was found that sequentially combining thermal annealing 
with solvent annealing offers better micro-phase separation 
leading to a long range ordering in the self-assembly of PS-
PDMS block copolymers. 
3. Pre-heating at temperatures far higher than Tg of PS-PDMS, 
eg., ~140 °C and ~180 °C, does not significantly improve the 
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micro-phase separation, in contrast may cause deweting of thin 
films. 
4. A transition step during which the pre-heated sample is 
introduced into the solvent chamber experiencing both the 
solvent and thermal annealing plays an important role in the 
final morphology. 
5. Thermo-solvent annealing process may be considered as an 
alternative annealing process to the current techniques in 
achieving long range ordering in self-assembly of BCPs. 
6. After exposing PS-PDMS self-assembled films to oxygen 
plasma, PS blocks were removed and nano-arrays of oxidized-
PDMS or SiOx were formed. This silica-like array can be used 
as a hard mask to transfer patterns into substrate. Moreover, it 
can be used to make template or mold for nanoimprint 
lithography. 
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6.2. Future Works 
 
• Metal oxides such as ZrO2, TiO2, SnO2, and V2O5 that have been 
patterned over 1 cm × 2 cm area in this thesis, are promising materials 
for glucose biosensor. It would be interesting making device using the 
patterns. I believe that since this patterning technique is a direct one, it 
is possible to fabricate such a device with higher throughput. Another 
interesting method to bridge the gap between demand and throughput 
is using roll-to-plate NIL that allows using hard substrate for our 
device. 
• Nanostructures of metal nitrides are emerging as a promising class of 
materials for several applications. Direct patterning of nitride using 
NIL remains a challenge. I believe that direct patterning of nitrides 
using NIL is possible and it will potentially reduce the number of steps 
that are currently involved in patterning nitrides. For a starting point, 
nitride patterning could be performed by either converting an oxide 
pattern into nitride or by formulating a nitride resist. An example of the 
former could be TiN, where after thermally annealing TiO2 in 
ammonia (NH3) at a range of temperatures between 700 and 1000 °C, 
could give rise to TiN. It may be possible to pattern a host of metal 
nitrides using this route. As for latter, if a metal-organic complex 
containing metal atoms attached to N group is formulated, it may 
simplify direct patterning of nitrides. 
• In this thesis, a thermo-solvent annealing process for self-assembly of 
block copolymers consisting of a very short thermal annealing above 
Tg and below ODT followed by an immediate solvent vapor annealing 
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at room temperature was introduced. The method provides precise 
control over the both thermal and solvent annealing steps 
independently as heating BCP film carried out locally without heating 
the solvent chamber meaning that solvent reservoir can remain at any 
desired temperature (here at the ambient temperature). It was found 
that sequentially combining thermal annealing with solvent annealing 
offers better micro-phase separation leading to a long range ordering in 
the self-assembly of PS-PDMS block copolymers. However, this 
process was explored only on PS-PDMS (45.5 kg/mol, Polymer 
Source, Inc. P7517-SDMS, fPDMS = 0.31, D0 = 32 nm block 
copolymer system which offered in-plane cylinders. The process 
should be investigated further by using different molecular weight of 
PS-PDMS block copolymer which may offer spheres, lamella, gyroid 
etc. Moreover, block copolymer systems with different Flory-Huggins 
segmental interaction parameter χ would be interesting to investigate 
using the proposed thermo-solvent annealing process. 	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The section contains everything else that is not shown in the chapter 3. Briefly, it 
contains the following: 
• FTIR data of various oxide precursors and their environmental stability 
(combined in one plot). 
• TGA data of resists (continuous and isothermal). 
• DSC data of resists showing the polymerization exotherm.  
• XRD data of resists at various isothermal heat-treatment temperatures. 
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Figure S1: TGA analysis of the Al2O3 resist showing the mass losses during isothermal 
heating at 450 ºC for 1 hour. 
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Figure S2: XRD data of Al2O3 resist heat-treated at 450 °C for 1 hour. 
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Figure S3: TGA analysis of the Ga2O3 resist showing the mass losses during isothermal 
heating at 450 ºC for 1 hour. 
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Figure S4: XRD data of Ga2O3 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 41-1103 data file which is attributed to gallium oxide- 
Ga2O3. 
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Figure S5: TGA analysis of In2O3 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 300 ºC for 1 hour. 
























Figure S6: DSC data shows an exothermic peak where the onset of free-radical 

























Figure S7: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S8: XRD data of In2O3 resist heat-treated at various temperatures. The data is in 
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Figure S9: TGA analysis of Y2O3 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 450 ºC for 1 hour. 
























 DSC trace of Y2O3 resist
 
Figure S10: DSC data shows an exothermic peak where the onset of free-radical 








Figure S11: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S12: XRD data of Y2O3 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 041-1105 data file which is attributed to yttrium oxide-
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Figure S13: TGA analysis of B2O3 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 300 ºC for 3 hours. 


























Figure S14: DSC data shows an exothermic peak at where the onset of free-radical 
copolymerization in B2O3 resists happens. 
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Figure S15: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S17: TGA analysis of the TiO2 resist showing the mass losses during isothermal 
heating at 450 ºC for 1 hour. 
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Figure S18: XRD data of TiO2 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 02-406 data file which is attributed to anatase phase of 
titanium dioxide- TiO2. 
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Figure S19: TGA analysis of ZrO2 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 400 ºC for 1.5 hours. 
 






















 DSC trace of ZrO2 resist
 
Figure S20: DSC data shows an exothermic peak where the onset of free-radical 


























Figure S21: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S22: XRD data of ZrO2 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 049-1642 data file which is attributed to zirconium 
dioxide- ZrO2. 
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Figure S23: TGA analysis of the SnO2 resist showing the mass losses during isothermal 
heating at 450 ºC for 1 hour. 





















Figure S24: DSC data shows an exothermic peak where the onset of free-radical 
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Figure S25: XRD data of SnO2 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 01-072-1147 data file which is attributed to tin oxide- 
SnO2. 


























 TGA plot of GeO2 resist
Residual mass ~ 18%
 
 Isothermal TGA plot of GeO2 resist
 
Figure S26: TGA analysis of GeO2 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 350 ºC for 1 hour. 
 
























Figure S27: DSC data shows an exothermic peak where the onset of free-radical 

























Figure S28: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S29: XRD data of GeO2 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 01-085-1515 data file which is attributed to germanium 
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Figure S30: TGA analysis of HfO2 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 450 ºC for 1 hour. 























Figure S31: DSC data shows an exothermic peak where the onset of free-radical 

























Figure S32: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S33: XRD data of HfO2 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 01-074-1506 data file which is attributed to hafnium 
oxide- HfO2.   
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Figure S34: TGA analysis of the Nb2O5 resist showing the mass losses during isothermal 
heating 475 ºC for 1 hour. 
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Figure S35: XRD data of Nb2O5 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 030-0873 data file which is attributed to niobium oxide- 






























Figure S36: TGA analysis of the Ta2O5 resist showing the mass losses during isothermal 
heating at 450 ºC for 1 hour. 
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Figure S 37: XRD data of Ta2O5 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 019-1299 data file which is attributed to tantalum oxide- 
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  375 oC Isothermal TGA plot of V2O5 resist
 
Figure S38: TGA analysis of V2O5 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 375 ºC for 1.5 hour. 





















Figure S39: DSC data shows an exothermic peak where the onset of free-radical 

























Figure S40: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S41: XRD data of V2O5 resist heat-treated at various temperatures. The data is in 
agreement with standard JCPDS 01-072-0433 data file which is attributed to vanadium 
oxide- V2O5. 
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Figure S42: TGA analysis of WO3 resist showing the mass losses during continuous 
heating up to 800 ºC, and isothermal heating at 400 ºC for 1 hour. 
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Figure S43: DSC data shows an exothermic peak at where the onset of free-radical 
copolymerization in WO3 resist happens. 
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Figure S44: Atmospheric stability of as-coated film after 6 and 24 hours in an atmosphere 
of 40% relative humidity. 
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Figure S45: XRD data of WO3 resist heat-treated at various temperatures. The data is in 
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A Universal Scheme for Patterning of Oxides via Thermal 
Nanoimprint Lithography
 To Professor Vikram Jayaram, for his contribution to ceramic engineering  Direct patterning of oxides using thermal nanoimprint lithography is per-
formed using either the sol-gel or methacrylate route. The sol-gel method 
results in resists with long shelf-life, but with high surface energy and a 
considerable amount of solvent that affects the quality of imprinting. The 
methacrylate route, which is limited to certain oxides, produces polymerizable 
resists, leading to low surface energy, but suffers from the shorter shelf-life 
of precursors. By combining the benignant elements from both these routes, 
a universal method of direct thermal nanoimprinting of oxides is demon-
strated using precursors produced by reacting an alkoxide with a polymeriz-
able chelating agent such as 2-(methacryloyloxy)ethyl acetoacetate (MAEAA). 
MAEAA possesses  β -ketoester, which results in the formation of environmen-
tally stable, chelated alkoxide with long shelf-life, and methacrylate groups, 
which provide a reactive monomer pendant for in situ copolymerization with 
a cross-linker during imprinting. Polymerization leads to trapping of cations, 
lowering of surface energy, strengthening of imprints, which enables easy 
and clean demolding over 1 cm  × 2 cm patterned area with  ≈ 100% yield. 
Heat-treatment of imprints gives amorphous/crystalline oxide patterns. This 
alliance between two routes enables the successful imprinting of numerous 
oxides including Al 2 O 3 , Ga 2 O 3 , In 2 O 3 , Y 2 O 3 , B 2 O 3 , TiO 2 , SnO 2 , ZrO 2 , GeO 2 , 
HfO 2 , Nb 2 O 5 , Ta 2 O 5 , V 2 O 5 , and WO 3 .  1. Introduction 
 Due to its facile, cost-effective and high throughput produc-
tion process, nanoimprint lithography (NIL) has garnered 
increasing attention as a next-generation patterning technique 
that allows the fabrication of structures from micro- to nano-
scale at high resolution and precision with device applications in © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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DOI: 10.1002/adfm.201202577optoelectronics, photonics, data storage, 
and biology. [ 1–4 ] In comparison to tradi-
tional lithography techniques in which 
chemical and physical properties of resist 
materials are modifi ed by photons or 
electrons, NIL utilizes mechanical defor-
mation of a resist material using a mold 
containing surface relief features at a 
controlled temperature and pressure to 
achieve higher resolution. In 2005, the 
International Technology Roadmap for 
Semiconductors (ITRS) listed NIL as one 
of the contender technologies for future 
generation chip manufacturing. [ 5 ] 
 Thermal NIL is the most versatile of 
all the imprint techniques. This tech-
nique began as a way to replicate mold 
patterns into a thermoplastic material by 
heating the polymer above its glass tran-
sition temperature and applying pressure 
on the mold. Variations of this technique 
extended its adaptability to utilize mate-
rials such as thermosets, sol-gel fi lms, 
metal-organic materials and polymeriz-
able liquid metal methacrylate resists 
to pattern organic as well as inorganic 
materials, especially oxides. [ 6–18 ] Direct NIL of oxides has generated tremendous interest due to the 
fact that their physical properties can be tailored by nanoscale 
patterning. One- or two-dimensional nanostructured oxides 
are expected to play an important role as functional units in 
electronic, optoelectronic and photonic devices. [ 16 ] Since oxides 
are hard materials and do not have a workable softening point, 
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www.MaterialsViews.comThe patterned precursor is then heat-treated to yield structured 
oxide. The two popular methods for direct patterning of oxides 
using NIL are the sol-gel and methacrylate routes. The sol-gel 
route with its low-temperature characteristics, good fi lm quality, 
and as an economical way to obtain engineered ceramics has 
attracted a great deal of attention in the imprint technology. In 
this route, usually an alkoxide or acetate is used as an oxide pre-
cursor. [ 6–15 ] If an alkoxide is used, it is stabilized against hydrol-
ysis by a chelating agent, usually a  β -diketone or  β -ketoester, in 
an alcohol medium. The chelated alkoxide or acetate solution 
is spin-coated on a substrate and patterned using soft stamps 
such as polydimethylsiloxane (PDMS) and perfl uoropolyether 
(PFPE) at a set pressure and temperature. However, direct 
imprinting of oxides via this route faces two major challenges. 
Firstly, due to high surface energy of the precursors, the sol-
gel imprinting requires a good mold release system, [ 6 ] and sec-
ondly, the solvent in sol-gel fi lm, which helps to “soften” it for 
imprint process, may get trapped in the imprinted structures 
leading to incomplete fi lling of the precursor material inside the 
mold and resulting in poor demolding. Moreover, soft molds 
are amenable to deformation, especially when sub-100-nm fea-
tures are desired. On the other hand, the methacrylate resists 
are prepared by reacting metal alkoxides with methacrylic acid. 
The reaction leads to the formation of liquid metal methacr-
ylate, i.e., a clear solution of metal methacrylate in an alcohol 
byproduct. This polymerizable precursor is mixed with a cross-
linker such as ethylene glycol dimethacrylate (EDMA) to form 
the resist for imprinting. In situ free-radical thermal copolym-
erization during imprinting leads to the reduction of surface 
energy and strengthening of patterned structures thereby giving 
yields close to 100%. [ 17 , 18 ] Furthermore, this approach incorpo-
rates the benefi ts of a rigid silicon mold and liquid precursor 
to achieve very high resolution over areas  > 1 cm  × 1 cm but 
at a lower temperature and imprinting pressure. However, this 
route has limited applicability due to the instability of many 
metal methacrylates. [ 18 ] 
 In this work, we show an alternative method and a universal 
route to the direct nanoimprint lithography of oxides by har-
nessing the advantages of the sol–gel and polymerizable liquid 
methacrylate resist routes and at the same time alleviate the 
disadvantages associated with both these methods. This syn-
ergy can be achieved when alkoxides are complexed with a poly-
merizable chelating agent such as 2-(methacryloyloxy)ethyl ace-
toacetate (MAEAA). MAEAA possesses  β -ketoester and meth-
acrylate groups, the former can lead to the formation of envi-
ronmentally stable, chelated alkoxide complex while the latter 
provides the reactive methacrylate group for in situ copolymeri-
zation with a cross-linker during imprinting. Our preliminary 
work on imprinting of Al 2 O 3 via this route has shown a con-
siderable amount of promise. [ 19 ] Using the synergistic effect of 
 β -ketoester and methacrylate groups in the chelating monomer 
MAEAA, we demonstrate a universal scheme for direct thermal 
NIL of various oxides such as Al 2 O 3 , Ga 2 O 3 , In 2 O 3 , Y 2 O 3 , B 2 O 3 , 
TiO 2 , SnO 2 , ZrO 2 , GeO 2 , HfO 2 , Nb 2 O 5 , Ta 2 O 5 , V 2 O 5 , and WO 3 . 
Furthermore, our approach also incorporates the benefi ts of 
a rigid mold and liquid precursor to achieve very high resolu-
tion over areas 1 cm  × 2 cm but at a lower temperature and 
pressure to obtain yields of almost 100% after imprinting. For 
the sake of better understanding of the NIL process, our study 2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Ghas divided patterning process based on the oxidation state of 
the above-mentioned cations, i.e.,  + 3,  + 4, and  + 5 (and above). 
Although examples of imprinting of all the oxides will be given, 
only two cations from each category will be used as representa-
tive candidates for discussing the resist behaviour. They are Al 
and Ga for  + 3; Ti and Sn for  + 4; and Nb and Ta for  + 5 valencies 
and above. 
 2. Results and Discussion 
 Alkoxides are very reactive compounds due to the presence of 
electronegative alkoxy groups, which make the cations highly 
prone to nucleophilic attack. Due to their high affi nity with 
water, hydrolysis results in the formation of molecular aggre-
gates of hydrated alkoxides. However, the hydrolytic reactivity 
of alkoxides can be controlled by complexation/chelation with 
 β -diketones,  β -ketoesters, acetic acid among others. [ 20 ] This 
chemical modifi cation leads to the alteration of the whole 
hydrolysis-condensation process, enabling an easy and eco-
nomic way to process sol-gel materials to obtain ceramics. 
However, an addition of extra pendant group to chelating 
agents such as  β -diketones and  β -ketoesters offers exciting 
possibilities to increase the latitude of ceramic processing. 
For example, ethylacetoacetate is a well-known  β -ketoester for 
stabilizing alkoxides against hydrolysis by chelation for sol-
gel processing. [ 21 ] If a hydrogen atom from the ethyl group is 
replaced by a methacryloyloxy group, it leads to the formation of 
a bi-functional molecule which can not only chelate with alkox-
ides but also undergoes polymerization in the presence of a 
thermal free radical initiator. [ 22 ] The latter is due to the fact that 
the methacrylate group in methacryloyloxy unit is a highly reac-
tive polymerizable monomer. This is precisely what 2-(meth-
acryloyloxy)ethyl acetoacetate (or MAEAA) does in the presence 
of an alkoxide. It chelates with an alkoxide to prevent its hydrol-
ysis as well as provides the methacrylate group for polymeri-
zation. In other words, the chelated monomer-based precursor 
thus formed synergistically utilizes the advantages associated 
with both sol-gel and methacrylate chemistries, thereby leading 
to a much wider scope for processing of materials. Similar to 
other  β -diketones and  β -ketoesters, MAEAA is capable of keto–
enol tautomerism, as shown in Equation 1. The enol form of 
MAEAA is stabilized by chelation with an alkoxide. Further, the 
reaction also results in the stoichiometric replacement of an 
alkoxy group (e.g., an  iso -propoxy group from gallium (III)  iso -
propoxide) by a  β -ketoester ligand, [ 23–25 ] as shown in Equation 
2. The general reaction of an alkoxide with MAEAA is shown 
in  Equation 3 . The hydrolytic activity of the stabilized alkoxide 
is substantially reduced, perhaps due to steric hindrance. This 
chelation reaction, often accompanied by a color change of the 
solution (Table  1 ), yields a clear, fl owable and polymerizable 
oxide precursor. 
 The FTIR spectroscopy was used to characterize the reaction 
between alkoxides and MAEAA ( Figure  1 ). The FTIR spectra of 
the chelated precursors are similar and show a large number of 
absorption bands/peaks between 750 and 1800 cm  − 1 ( Table 2 ). 
The pair of absorption peaks close to 1609 cm  − 1 and 1522 cm  − 1 
is attributed to the bidentate character of cation-bonded MAEAA 








www.MaterialsViews.comcomplex. [ 24 , 25 ] These peaks correspond to the  ν (C     O) and 
v(C     C) vibrations of the chelate ring, respectively. More impor-
tantly, the MAEAA-functionalized oxide precursors also show 
characteristic peaks of carbonyl group at 1721 cm  − 1 , and meth-
acrylate double bond at 1634 cm  − 1 , the latter clearly suggesting 
the preservation of polymerizable double bond in the complexes. 
A shoulder at 1746 cm  − 1 in the FTIR spectra that corresponds to © 2012 WILEY-VCH Verlag G
 Table  1.  Observation of color change due to the chelation reaction 
between alkoxides and MAEAA. 
Alkoxide Color/Appearance after the chelation 
reaction
aluminium (III) tri-sec-butoxide faint yellow/clear
gallium (III) iso-propoxide faint yellow/clear
indium (III) iso-propoxide faint yellow/clear
yttrium (III) n-butoxide faint yellow/clear
tri-iso-propyl borate no color/clear
titanium (IV) n-butoxide lemon yellow/clear
zirconium (IV) n-butoxide light brown/clear
tin (IV) tert-butoxide faint yellow/clear
germanium (IV) ethoxide light brown/clear
hafnium (IV) tert-butoxide brown/clear
niobium (V) ethoxide no color/clear
tantalum (V) n-butoxide no color/clear
vanadium (V) tri-iso-propoxide oxide reddish brown/clear
tungsten (V) ethoxide yellow/clear
 Figure  1 .  Characteristic infrared absorption peaks of oxide precursors 
formed by reacting alkoxide and MAEAA in a 1:2 ratio. The general for-
mula of the precursor is (alkoxide)  m  (MAEAA) 2 . The broad vibration bands 
corresponding to particular bonds are indicated on top. Table  2 shows 
details of the band assignment. 
Adv. Funct. Mater. 2012, 
DOI: 10.1002/adfm.201202577the carbonyl group of MAEAA may indicate incomplete reaction 
between MAEAA and the corresponding alkoxides (Figure  1 ). [ 25 ] 
 Stability of the chelate rings indicates the atmospheric sta-
bility of the chelated precursors.  Figure  2 shows the FTIR 
spectra of the representative precursors for each valency 
recorded at 0, 6 and 24 h under ambient laboratory conditions 
of 30  ° C and at  ≈ 40% relative humidity. It is seen that for all 
the precursors, even after 24 h, the FTIR spectra shows hardly 
any change in the peaks associated with the chelate rings. This 
shows that they are stable in normal laboratory conditions. 
Unsurprisingly, all the chelated precursors showed exceptional 
stability over a storage period of more than 3 months at room 
temperature. They were found to be clear and fl owable. 
 Oxide resists for NIL were prepared by adding cross-linker 
EDMA and free-radical initiator benzoyl peroxide (BPO) to the 
corresponding chelated precursors. They were subjected to TGA 
and DSC studies in order to understand their degradation behav-










 Table  2.  Characteristic infrared absorption peaks of chelated oxide pre-
cursors. Albeit the principal peaks indicated below are for the Al 2 O 3 
precursor, other chelated precursors show similar values as seen in 
Figure  1 . 




1609 ν(C   O) 4
1522 ν(C   C) 5
1418, 1372 δCH3 6,7( Figure  3 ). The TGA measurement in air showed a two-step 
mass loss. The minor loss from 30 ° C to 150  ° C was due to the 
loss of alcohol byproduct/solvent and the major loss from 300  ° C 
to 550  ° C occurred due to the degradation of organic component. 
Beyond 550  ° C, a constant residual weight was observed due to wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 Figure  2 .  Atmospheric stability of as-coated precursor fi lms, after 6 and 24 
relative humidity. the formation of corresponding oxides (Figure  3 a). The DSC scan 
showed that the thermal free radical copolymerization of chelated 
precursor and EDMA mixture in various resists occurred in a 
narrow range of temperatures, i.e., 80–130  ° C (Figure  3 b). For 
every oxide resist, their respective polymerization exotherm 
was used as a guide to initiate in situ free radical copolymeri-
zation during NIL. Time-resolved FTIR studies were also used 
to monitor the thermal copolymerization reaction in the oxide 
resists ( Figure  4 ). The FTIR spectrum of the oxide resists before 
polymerization closely resembles their respective precursors. It 
was observed that after the thermal copolymerization, the inten-
sity of the methacrylate double bond at 1634 cm  − 1 decreased sig-
nifi cantly. It is noteworthy that the enolic  ν (C     O) at 1609 cm 
 − 1 
and enolic  ν (C     C) complexed with cation at 1522 cm 
 − 1 remain 
unaffected after the polymerization. This confi rms the fact that 
the cations remain trapped inside the polymer matrix after the 
polymerization reaction. mbH & Co. KGaA, Wei
h at 30  ° C and 40%  2.1. Nanoimprint Lithography of Oxides 
 The schematic of the steps involved in direct 
NIL of oxides is shown in  Figure  5 . Imprinting 
of all the oxide resists were carried out in two 
steps. Firstly, at room temperature (30  ° C) a 
pressure of 30 bar was applied for 300 s to 
ensure a complete fi lling of the 250 nm equal 
line-and-space grating mold (aspect ratio 
1) with the resist. Secondly, whilst holding the 
pressure constant, the coated substrate and 
mold were heated between 110 and 130  ° C for 
1000–1600 s in order to induce thermal free 
radical copolymerization in oxide resists. This 
leads to hardening of the imprint. The assembly 
was cooled down to room temperature after 
imprinting. The pressure was then released 
which was followed by a clean demolding, giving 
 ≈ 100% yield over  ≈ 1 cm  × 2 cm area. Cross-
sectional SEM studies show that the width and 
height of the imprinted features were slightly 
smaller than the actual dimensions of the mold, 
a result most likely due to the polymerization-
induced shrinkage of the patterns. [ 26 ] 
 The minimum temperature required to 
burn off the organic content completely from 
the oxide resists was determined using the 
isothermal TGA analysis.  Table  3 provides 
the heat-treatment conditions used to con-
vert imprinted resists to amorphous/crys-
talline oxide patterns. Ceteris paribus, the 
shrinkage of the imprints depends upon the 
metal atom, the size of the alkoxy group in 
precursor, heat-treatment temperature and 
the size of unit cell of metal oxide formed 
after heat-treatment. With some exceptions, 
generally speaking, pattern shrinkage close 
to 80% with respect to the original mold size 









 Figure  3 .  a) TGA analysis of the Al 2 O 3 , Ga 2 O 3 , TiO 2 , SnO 2 , Nb 2 O 5 , and Ta 2 O 5 resists showing 
mass losses during continuous heating to 800  ° C. b) DSC data showing the exothermic peaks 
of onset of the thermal free-radical copolymerization in Al 2 O 3 , Ga 2 O 3 , TiO 2 , SnO 2 , Nb 2 O 5 , and 
Ta 2 O 5 resists. all the cases, the imprinted structures maintain their integrity 
even after the heat-treatment. The AFM analysis showed that 
the aspect ratio between 0.5 and 1.5 (as opposed to the aspect 
ratio of 1 for molds used in the imprinting) was achieved for 
oxide patterns after heat treatment ( Figures  6 – 8 ). The reason 
for such a difference of aspect ratios in various oxides may be 
primarily attributed to the difference in organic content before 
heat-treatment. However, the shrinkage appears to be nearly 
uniform over the entire imprinted structure. Although there 
is a reduction in the size of the patterns after heat-treatment, 
the center-to-center pattern distance remains the same whilst 
the edge-to-edge pattern distance increases, keeping the feature 
density of heat-treated patterns unchanged. While the calcina-
tion shrinkage comes at the cost of pattern size, it is actually an 
easy and cheaper way to access the nanoscale. As the aim is to 
minimize the organic losses and maximize the oxide content 
after heat-treatment in patterns without compromising their 
integrity, a judicious formulation of the composition of resist © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 
DOI: 10.1002/adfm.201202577containing alkoxide, MAEAA and EDMA 
is essential. In our case, their relative ratios 
were 1:2:1.5. The reason for choosing to react 
an alkoxide and MAEAA in a molar ratio 
of 1:2 for direct NIL of oxides is three-fold. 
Firstly, the presence of two reactive methacry-
late groups chelated to the alkoxide atom 
provides better probability for them to get 
co-polymerized with the cross-linker, thereby 
trapping the cation inside the poly mer 
network. Secondly, having more than two 
chelated MAEAA groups attached to the 
cation does not provide any additional benefi t 
except to increase the undesirable mass loss 
during fi nal heat-treatment to convert the 
imprinted structure to oxide. Thirdly, there 
is hardly any difference between the atmos-
pheric stability of complexes which have 
one or three chelated MAEAA groups. [ 19 ] On 
the other hand, the ratio of 2:1.5 between 
MAEAA and EDMA lead to consistently high 
yields close to  ≈ 100%. This may be due to the 
increased degree of polymerization. Further-
more, this composition of resist also deter-
mines the imprinting time. The imprinting 
time can be signifi cantly reduced if the 
amount of the EDMA is increased. However, 
a penalty is paid in the form of increased 
organic losses leading to smaller amount of 
remnant oxide after heat-treatment in the 
imprinted patterns. 
Figure  6 shows the FE-SEM images of 
as-imprinted and heat-treated structures 
of Al 2 O 3 , Ga 2 O 3 , In 2 O 3 , Y 2 O 3 and B 2 O 3 pat-
terned using their respective resists con-
taining  + 3 valency cations. None of these 
resists were found to be imprintable using 
the methacrylate route. [ 18 ] However, the sol-
gel route appears to be successful in pat-
terning Al 2 O 3 and In 2 O 3 –the former used the 
nitrate route [ 8 ] whilst the latter was imprinted using a commercially available sol-gel-based indium-tin oxide 
precursor. [ 12 ] Out of these resists, the most interesting case is 
that of B 2 O 3 . The precursor for B 2 O 3 resist was prepared by 
reacting tri- iso -propyl borate with MAEAA in a 1:2 molar ratio. 
However, the FTIR study of the precursor indicates that there 
is hardly any chelation between the alkoxide and MAEAA (see 
Supporting Information). This is not surprising as tri- iso -propyl 
borate is well-known for its inability to chelate under normal 
conditions. [ 27 ] However, the presence of MAEAA and cross-
linker EDMA in B 2 O 3 resist resulted in in situ copolymerization 
during imprinting leading to the trapping of tri- iso -propyl borate 
in the polymer structure. This clearly suggests that alkoxides 
such as tetraethoxysilane (a precursor for SiO 2 ), which do not 
chelate easily with  β -ketoesters, may also be imprinted using 
this method. 
 TiO 2 , ZrO 2 , SnO 2 , GeO 2 and HfO 2 resists containing  + 4 
valency cations were imprinted and heat-treated as shown 










wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 Figure  4 .  Time-resolved FTIR data of a) Al 2 O 3 , b) TiO 2 , and c) Nb 2 O 5 
resists heat-treated at 120  ° C. Notice the peak corresponding to the 
polymerizable –C = CH 2 group decreases in intensity with increasing heat-
treatment time. 
 Figure  5 .  Schematic illustration of the nanoimprint lithography process thaoxides, TiO 2 , due to its outstanding material properties, has 
been extensively patterned using the sol-gel route. [ 9 , 11 , 15 ] Other 
oxides may also be imprinted using the sol-gel method as they 
form stable chelated alkoxides when reacted with  β -diketones 
and  β -ketoesters. On the other hand, only TiO 2 and ZrO 2 are 
amenable to NIL using the methacrylate route. [ 17 , 18 ] Among 
the oxides imprinted in Figure  7 using the chelated monomer 
route, SnO 2 and GeO 2 stand out because of their unusual 
behavior. The former shows a very low shrinkage after heat-
treatment of imprinted structures whilst the latter forms unu-
sual residual layer pattern after imprinting. Reduction of the 
fi lm thickness by diluting GeO 2 resist in  n -butanol and sub-
sequently imprinting it did not lead to any substantial change 
in the residual layer pattern. However, heat-treatment of the 
imprinted GeO 2 resist lead to the disappearance of this pattern. 
The reason for this strange behavior is unclear. 
Figure  8 shows the FE-SEM images of as-imprinted and 
heat-treated structures of the resists containing  + 5 valency 
cations and higher. The resists in this category include Nb 2 O 5 , 
Ta 2 O 5 , V 2 O 5 , and WO 3 . No attempts have been made to pat-
tern these oxides using the sol-gel method. The methacrylate 
route, on the other hand, was successfully used to imprint 
Nb 2 O 5 and Ta 2 O 5 . [ 18 ] It is interesting to note that except for 
WO 3 , all the imprinted structures maintain their integrity 
even after the heat-treatment. This characteristic behavior may 
be due to excessive loss of organics and/or rapid grain growth. 
Attempts to minimize the collapse of the imprinted structures 
by reducing the residual layer thickness did not yield prom-
ising results. 
 Direct nanoimprinting of oxides by the chelated monomer 
route offers signifi cant advantages over the sol-gel and meth-
acrylate routes. The former mainly uses a soft mold for NIL 
and requires a critical amount of solvent for patterning. The 
chelated monomer route, just like the methacrylate route, offers 
the convenience of liquid monomers which can be imprinted 
at lower pressures without worrying about the removal of sol-
vent. It was observed that the presence of small amount of 
solvent left over in the spin-coated fi lm aids in imprinting at 
lower pressures and its presence does not seem to hinder the 
free-radical polymerization. The in situ polymerization in the 
chelated monomer system gives rise to hardened pattern fea-
tures and thus facilitates clean demolding with  ≈ 100% yield 
over 2 cm  × 1 cm areas. By adjusting the metal content in the 
overall formulation, one should be able to control the degree 
of pattern shrinkage after heat treatment. More importantly, 
unlike methacrylate route, the chelated monomer route syn-
ergistically utilizes the advantages associated with both sol-gel 
and methacrylate chemistries, thereby leading to an increased 
latitude for processing of materials. This is evidenced by the 
fact that our scheme is not only able to pattern oxides which mbH & Co. KGaA, Weinheim
t was used in direct patterning of oxide resists. 









 Table  3.  Summary of the approximate feature size reduction at every step of the imprinting of various oxides with a 250 nm grating mold (aspect 
ratio  = 1) using the chelated monomer route. The imprinted patterns were subjected to isothermal heat-treatment (see Supporting Information). 




Oxide feature size after the heat-treatment 
of imprinted structures
Total feature size reduc-
tion with respect to mold 
feature size [%]
Width of imprint [nm] Feature size reduction 
[%]
Width of the oxide feature 
[nm]
Feature size reduction [%]
Al2O3 225 10% 450 °C for 1 h 55 76% 78%
Ga2O3 200 20% 450 °C for 1.5 h 43 79% 83%
In2O3 185 26% 300 °C for 1 h 130 30% 48%
Y2O3 165 34% 450 °C for 1 h 49 70% 80%
B2O3 200 20% 300 °C for 3 h 150 25% 40%
TiO2 171 32% 450 °C for 1 h 40 77% 84%
ZrO2 147 41% 400 °C for 1.5 h 65 56% 74%
SnO2 170 32% 450 °C for 1 h 165 3% 34%
GeO2 162 35% 350 °C for 1 h 53 67% 79%
HfO2 194 22% 450 °C for 1 h 55 72% 78%
Nb2O5 176 30% 475 °C for 1 h 57 68% 77%
Ta2O5 197 21% 450 °C for 1 h 58 71% 77%
V2O5 131 48% 375 °C for 1.5 h 115 12% 54%
WO3 175 30% 450 °C for 1 h – – –can be imprinted using sol-gel or/and methacrylate routes, but 
also those which are impossible to pattern with either of these 
two methods. Equally important is the fact that our technique, 
unlike step-and-fl ash imprint lithography, [ 28 ] is inexpensive, 
fault-tolerant (with a dash of alcohol added, imprinting will 
still work well to give  ≈ 100% yield) and has the potential to be 
extended to other types of materials as well. 
 A few words must be said about the long term chemical sta-
bility of the resists. Although the chelated precursors used in 
the preparation of the resists were found to be exceptionally 
stable, the same can’t be said about the resists. The oxide resists 
for NIL were prepared by adding a cross-linker and a free-
radical initiator to the corresponding chelated precursors. The 
presence of initiator appears to affect the long-term stability 
of the NIL resists. For example, Al 2 O 3 , Ga 2 O 3 , In 2 O 3 and TiO 2 
resists were found to be stable even after 3 months of storage. 
Resists for imprinting Y 2 O 3 , Nb 2 O 5 , and ZrO 2 were found to 
be stable for more than a month. On the other hand, V 2 O 5 and 
WO 3 resists were stable for the time period of less than a week. 
Nevertheless, the chemical stability of chelated monomer-based 
approach is far superior to that of the methacrylate route, the 
latter’s shelf-life ranges from anywhere between a few days to 
at most a month. 
 2.2. Limitations to Universality? 
 Of the variety of oxides imprinted in this study, the most egre-
gious absence is the cations that have valencies of  + 1 and  + 2. 
This may suggest that our method of using chelatable monomer 
like MAEAA to produce precursors for NIL of oxides lacks uni-
versality. On the contrary, the problem arises primarily due to 
the poor solubility of alkoxides of  + 1 and  + 2 valency cations in © 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 
DOI: 10.1002/adfm.201202577organic solvents. Moreover, these alkoxides can be expensive and 
diffi cult to prepare in a laboratory. The other problem which may 
arise is the lack of or weak chelation behavior of MAEAA with 
alkoxides such as those of boron and silicon. As we have seen, 
this problem can be circumvented by trapping their respective 
alkoxides in the polymer network comprising of the chelated 
monomer and cross-linker to produce imprinted structures. 
 A related issue with universality is whether monomers other 
than MAEAA can be used to perform NIL of oxides. Prelimi-
nary studies on imprinting of TiO 2 using allyl acetoacetate, a 
 β -ketoester with a monomer pendent, yielded satisfactory results 
with  ≈ 100% yield. It may also be surmised that  β -ketoamines 
with a monomer group are also potential chelating agents for 
alkoxides to produce metal oxy-nitrides using NIL. [ 29 ] 
 3. Conclusions 
 We have demonstrated a universal way to pattern oxides 
by thermal nanoimprinting lithography using stable and 
polymerizable precursors formed by reacting MAEAA, a 
chelating monomer, with alkoxides. MAEAA possesses 
 β -ketoester and methacrylate groups–the former helps in the 
formation of environmentally stable, chelated alkoxide with 
a long shelf-life whilst the latter provides a reactive methacr-
ylate group for in situ copolymerization with a cross-linker 
during imprinting. The use of MAEAA leads to synergisti-
cally utilizing the advantages of the sol-gel and methacrylate 
routes whilst alleviating drawbacks associated with both of 
them. Imprintable oxide resists were formed by mixing poly-
merizable chelated alkoxides with EDMA, a cross-linker, and 
BPO, a thermal free-radical initiator. During imprinting using 









 Figure  6 .  Imprinting of resists containing  + 3 valency cations. Composite FE-SEM images of as-imprinted and heat-treated structures of Al 2 O 3 , Ga 2 O 3 , 
In 2 O 3 , Y 2 O 3 , and B 2 O 3 using a 250 nm equal line and space silicon grating mold. The insets show the structures at a higher magnifi cation. The AFM 
line traces of the corresponding heat-treated imprinted structures are shown on the right. initiated in situ free radical copolymerization that led to the 
trapping of the cation, lowering of surface energy of the resist 
and strengthening of the imprint. This enabled easy and clean 
demolding over 1 cm  × 2 cm patterned area with  ≈ 100% yield. 
Successful imprinting was demonstrated for numerous oxides 
such as Al 2 O 3 , Ga 2 O 3 , In 2 O 3 , Y 2 O 3 , B 2 O 3 , TiO 2 , SnO 2 , ZrO 2 , 
GeO 2 , HfO 2 , Nb 2 O 5 , Ta 2 O 5 , V 2 O 5 , and WO 3 . Thermolysis of the 
imprinted patterns yielded amorphous/crystalline oxide pat-
terns with good integrity. 8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G 4. Experimental Section 
 Materials : Aluminum (III) tri -sec -butoxide (97%, Sigma Aldrich), 
tantalum (V) ethoxide (99.98%, Sigma Aldrich), tin (IV)  tert -butoxide 
( > 99.99%, Sigma Aldrich), titanium (IV)  n -butoxide (97%, Sigma 
Aldrich), vanadium (V) oxytri- iso -propoxide (Sigma Aldrich), niobium 
(V) ethoxide (99.95%, Sigma Aldrich), yttrium (III)  n -butoxide (0.5 M in 
toluene,  ≥ 99.9%, Sigma Aldrich), germanium (IV) ethoxide ( ≥ 99.95%, 
Sigma Aldrich), zirconium (IV)  n -butoxide (80 wt% solution in 1-butanol, 









 Figure  7 .  Imprinting of resists containing  + 4 valency cations. Composite FE-SEM images of as-imprinted and heat-treated line structures of TiO 2 , ZrO 2 , 
SnO 2 , GeO 2 , and HfO 2 using a 250 nm equal line-and-space silicon grating mold. The insets show the structures at a higher magnifi cation. The AFM 
line traces of the corresponding heat-treated imprinted structures are shown on the right. tungsten (V) ethoxide (Alfa Aesar), gallium (III)  iso -propoxide (mixture 
of oligomers, 99%, Alfa Aesar), tri- iso -propyl borate (98% + , Lancaster 
Synthesis), indium  iso -propoxide (99.9%, Multivalent Laboratory), 
2-(methacryloyloxy)ethyl acetoacetate (95%, Sigma Aldrich), and 
1 H ,1 H ,2 H ,2 H -perfl uorodecyltrichlorosilane (96%, Alfa Aesar) were used 
as received. Ethylene glycol dimethacrylate (98%) was also purchased 
from Sigma Aldrich and was used after removal of stabilizer using an 
alumina column. Benzoyl peroxide (BPO), an initiator for thermal free-
radical polymerization, purchased from Sinopharm Chemical Reagent 
Co. Ltd., was used without any further purifi cation. © 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 
DOI: 10.1002/adfm.201202577 Resists Formulation and Characterization : The alkoxides of aluminum, 
yttrium, boron, titanium, zirconium, tin, germanium, hafnium, tantalum, 
vanadium, niobium, and tungsten were reacted with MAEAA in 1:2 
molar ratio inside a glove box ( < 5% relative humidity) to form the 
chelated precursor. Those alkoxides that are not in liquid form such as 
indium  iso -propoxide and gallium  iso -propoxide were fi rst dissolved in 
toluene and then reacted with MAEAA in stoichiometric proportions. 
In all these chelation reactions, the byproduct was an alcohol that was 
not removed as it provided fl uidity to the resist fi lm during spin-coating. 










 Figure  8 .  Imprinting of resists containing  + 5 valency cations and higher. Composite FE-SEM images of as-imprinted and heat-treated line structures 
of Nb 2 O 5 , Ta 2 O 5 , V 2 O 5 , and WO 3 using a 250 nm equal line-and-space silicon grating mold. The insets show the structures at a higher magnifi cation. 
The AFM line traces of the corresponding heat-treated imprinted structures are shown on the right.  The fi nal resist composition for nanoimprint lithography was made 
by mixing the respective chelated precursors with 1.5 equivalent of the 
crosslinker ethylene glycol dimethacrylate (EDMA) and 2 wt% of BPO 
(with respect to the monomers). Hereafter, the formulations are referred 
to as their corresponding oxide resists. In order to study the stability 
of the precursors and to monitor changes in structure of the resists 
during polymerization, a Nicolet 6700 Fourier transform infrared (FTIR) 
spectroscope was used. The suitable imprinting temperatures of the 
resists were determined using differential scanning calorimetry (DSC, TA 
Instruments Q100). Thermogravimetric analysis (TGA, TA Instruments 
Q500) was performed to follow the degradation behavior of the resists 
and formation of oxides. 
 Nanomprint Lithography : The silicon substrates and molds used 
for imprinting were cleaned with the Piranha solution (3:7 by volume 
of 30% H 2 O 2 and H 2 SO 4 .  Caution : Extreme care must be taken while wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Ghandling the Piranha solution because it reacts aggressively with 
most organic materials). Before imprinting, the molds were silanized 
using 1 H ,1 H ,2 H ,2 H -perfl uorodecyltrichlorosilane in order to reduce 
the surface energy and therefore enable clean demolding after NIL. 
An Obducat imprinter (Obducat, Sweden) was used to carry out NIL. 
Suitable temperature for thermal NIL of the individual oxide resists was 
determined with the help of DSC measurement. 
 Characterization of Imprints : Scanning electron and atomic force 
microscopies were used to study the topography and morphology of 
imprinted features before and after heat-treatment. A JEOL JSM6700F 
fi eld-emission scanning electron microscope (FE-SEM) was used to 
obtain high-resolution images of as-imprinted as well as heat-treated 
oxide patterns. For measuring the height of the imprinted structures, a 
Digital Instruments Nanoscope IV atomic force microscope (AFM) was 








www.MaterialsViews.com Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
 Acknowledgements 
 The authors thank Su Hui Lim of Institute of Materials Research and 
Engineering (IMRE) for her assistance in performing preliminary 
studies. S.S.D. gratefully acknowledges the A  ∗  STAR Graduate Academy 
for providing him the A  ∗  STAR Graduate Scholarship for his Ph.D. 
study. This work was supported by the IMRE-funded core project no. 
IMRE/09-1C0319. 
  Received: September 7, 2012 
  Revised: October 19, 2012
Published online: 
 [ 1 ]  H.  Schrift ,  J. Vac. Sci. Technol. B  2008 ,  26 ,  458 . 
 [ 2 ]  E. A.  Costner ,  M. W.  Lin ,  W.-L.  Jen ,  C. G.  Willson ,  Annu. Rev. Mater. 
Res.  2009 ,  39 ,  155 . 
 [ 3 ]  L. J.  Guo ,  Adv. Mater.  2007 ,  19 ,  495 . 
 [ 4 ]  J. J.  Dumond ,  H. Y.  Low ,  J. Vac. Sci. Technol. B  2012 ,  30 ,  010801 . 
 [ 5 ]  ITRS 2005 Edition, http://www.itrs.net/Links/2005ITRS/Home2005.
htm (accessed November 2012). 
 [ 6 ]  M.  Li ,  H.  Tan ,  L.  Chen ,  J.  Wang ,  S. Y.  Chou ,  J. Vac. Sci. Technol. B 
 2003 ,  21 ,  660 . 
 [ 7 ]  S. J.  Kwon ,  J. H.  Park ,  J. G.  Park ,  J. Electroceram.  2006 ,  17 ,  455 . 
 [ 8 ]  O. F.  Göbel ,  M.  Nedelcu ,  U.  Steiner ,  Adv. Funct. Mater.  2007 ,  17 , 
 1131 . 
 [ 9 ]  M. J.  Hampton ,  S. S.  Williams ,  Z.  Zhou ,  J.  Nunes ,  D. H.  Ko , 
 J. L.  Templeton ,  E. T.  Samulski ,  J. M.  DeSimone ,  Adv. Mater.  2008 , 
 20 ,  2667 . 
 [ 10 ]  K.-Y.  Yang ,  K.-M.  Yoon ,  K.  W. Choi, H. Lee ,  Microelectron. Eng.  2009 , 
 86 ,  2228 . © 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 
DOI: 10.1002/adfm.201202577 [ 11 ]  G.  Shi ,  N.  Lu ,  L.  Gao ,  H.  Xu ,  B.  Yang ,  Y.  Li ,  Y.  Wu ,  L.  Chi ,  Langmuir 
 2009 ,  25 ,  9639 . 
 [ 12 ]  Y.  Kang ,  M.  Okada ,  K.-I.  Nakamatsu ,  K.  Kanda ,  Y.  Haruyama , 
 S.  Matsui ,  J. Vac. Sci. Technol. B  2009 ,  27 ,  2805 . 
 [ 13 ]  K.-Y.  Yang ,  K.-M.  Yoon ,  S.  Lim ,  H.  Lee ,  J. Vac. Sci. Technol. B  2009 , 
 27 ,  2786 . 
 [ 14 ]  A.  Revaux ,  G.  Dantelle ,  D.  Decanini ,  F.  Guillemot , 
 A.-M.  Haghiri-Gosnet ,  C.  Weisbuch ,  J.-P.  Boilot ,  T.  Gacoin, 
H. Benisty ,  Nanotechnology  2011 ,  22 ,  365701 . 
 [ 15 ]  D. A.  Richmond ,  Q.  Zhang ,  G.  Cao ,  D. N.  Weiss ,  J. Vac. Sci. Technol. 
B  2011 ,  29 ,  021603 . 
 [ 16 ]  Y. N.  Xia ,  P. D.  Yang ,  Y. G.  Sun ,  Y. Y.  Wu ,  B.  Mayers ,  B.  Gates , 
 Y. D.  Yin ,  F.  Kim ,  H. Q.  Yan ,  Adv. Mater.  2003 ,  15 ,  353 . 
 [ 17 ]  S. H.  Lim ,  M. S. M.  Saifullah ,  H.  Hussain ,  W. W.  Loh ,  H. Y.  Low , 
 Nanotechnology  2010 ,  21 ,  285303 . 
 [ 18 ]  R.  Ganesan ,  S. H.  Lim ,  M. S. M.  Saifullah ,  H.  Hussain ,  J. X. Q.  Kwok , 
 R. L. X.  Tse ,  H. A. P.  Bo ,  H. Y.  Low ,  J. Mater. Chem.  2011 ,  21 , 
 4484 . 
 [ 19 ]  R.  Ganesan ,  S. S.  Dinachali ,  S. H.  Lim ,  M. S. M.  Saifullah , 
 W. T.  Chong ,  A. H. H.  Lim ,  J. J.  Yong ,  E. S.  Thian ,  C.  He ,  H. Y.  Low , 
 Nanotechnology  2012 ,  23 ,  315304 . 
 [ 20 ]  C.  Sanchez ,  J.  Livage ,  M.  Henry ,  F.  Babonneau ,  J. Non-Cryst. Solids 
 1988 ,  100 ,  65 . 
 [ 21 ]  R.  Jain ,  A. K.  Rai ,  R. C.  Mehrotra ,  Polyhedron  1986 ,  5 , 
 1017 . 
 [ 22 ]  R.  Agarwal ,  J. P.  Bell ,  Polym. Eng. Sci.  1998 ,  38 ,  299 . 
 [ 23 ]  R.  Lichtenberger ,  M.  Puchberger ,  S. O.  Baumann ,  U.  Schubert , 
 J. Sol-Gel Sci. Technol.  2009 ,  50 ,  130 . 
 [ 24 ]  J.  Méndez-Vivar ,  P.  Bosch ,  V. H.  Lara ,  R.  Mendoza-Serna ,  J. Sol-Gel 
Sci. Technol.  2002 ,  25 ,  249 . 
 [ 25 ]  N.  Miele-Pajot ,  L. G.  Hubert-Pfalzgraf ,  R.  Papiernik ,  J.  Vaissermann , 
 R.  Collier ,  J. Mater. Chem.  1999 ,  9 ,  3027 . 
 [ 26 ]  M. P.  Patel ,  M.  Braden ,  K. W.  Davy ,  Biomaterials  1987 ,  8 ,  53 . 
 [ 27 ]  M. M.  Haridas ,  J. R.  Bellare ,  Mater. Charact.  1999 ,  42 ,  55 . 
 [ 28 ]  R.  Ganesan ,  J.  Dumond ,  M. S. M.  Saifullah ,  S. H.  Lim ,  H.  Hussain , 
 H. Y.  Low ,  ACS Nano  2012 ,  6 ,  1494 . 
 [ 29 ]  D. C.  Bradley ,  R. C.  Mehrotra ,  D. P.  Gaur ,  Metal Alkoxides ,  Academic 
Press ,  Orlando, FL  1978 Ch. 4. 11wileyonlinelibrary.commbH & Co. KGaA, Weinheim
This content has been downloaded from IOPscience. Please scroll down to see the full text.
Download details:
IP Address: 18.7.29.240
This content was downloaded on 06/02/2014 at 05:14
Please note that terms and conditions apply.
Direct nanoimprint lithography of Al2O3 using a chelated monomer-based precursor
View the table of contents for this issue, or go to the journal homepage for more
2012 Nanotechnology 23 315304
(http://iopscience.iop.org/0957-4484/23/31/315304)
Home Search Collections Journals About Contact us My IOPscience
IOP PUBLISHING NANOTECHNOLOGY
Nanotechnology 23 (2012) 315304 (9pp) doi:10.1088/0957-4484/23/31/315304
Direct nanoimprint lithography of Al2O3
using a chelated monomer-based
precursor
Ramakrishnan Ganesan1,6,7, Saman Safari Dinachali1,2,7, Su Hui Lim1,3,
M S M Saifullah1, Wee Tit Chong4, Andrew H H Lim4, Jin Jie Yong4,
Eng San Thian2, Chaobin He1,5 and Hong Yee Low1
1 Institute of Materials Research and Engineering, A*STAR (Agency for Science, Technology and
Research), 3 Research Link, Singapore 117602, Republic of Singapore
2 Department of Mechanical Engineering, National University of Singapore, 9 Engineering Drive 1,
Singapore 117576, Republic of Singapore
3 Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering
Drive 3, Singapore 117576, Republic of Singapore
4 Department of Chemistry, National University of Singapore, 3 Science Drive 3, Singapore 117543,
Republic of Singapore
5 Department of Materials Science and Engineering, National University of Singapore, 21 Lower Kent
Ridge Road, Singapore 119077, Republic of Singapore
E-mail: ram.ganesan@bits-hyderabad.ac.in and saifullahm@imre.a-star.edu.sg
Received 17 May 2012, in final form 20 June 2012
Published 17 July 2012
Online at stacks.iop.org/Nano/23/315304
Abstract
Nanostructuring of Al2O3 is predominantly achieved by the anodization of aluminum film and is limited to
obtaining porous anodized aluminum oxide (AAO). One of the main restrictions in developing approaches for
direct fabrication of various types of Al2O3 patterns, such as lines, pillars, holes, etc, is the lack of a processable
aluminum-containing resist. In this paper, we demonstrate a stable precursor prepared by reacting aluminum
tri-sec-butoxide with 2-(methacryloyloxy)ethyl acetoacetate, a chelating monomer, which can be used for large
area direct nanoimprint lithography of Al2O3. Chelation in the precursor makes it stable against hydrolysis whilst
the presence of a reactive methacrylate group renders it polymerizable. The precursor was mixed with a
cross-linker and their in situ thermal free-radical co-polymerization during nanoimprinting rigidly shaped the
patterns, trapped the metal atoms, reduced the surface energy and strengthened the structures, thereby giving a
∼100% yield after demolding. The imprinted structures were heat-treated, leading to the loss of organics and their
subsequent shrinkage. Amorphous Al2O3 patterns with line-widths as small as 17 nm were obtained. Our process
utilizes the advantages of sol–gel and methacrylate routes for imprinting and at the same time alleviates the
disadvantages associated with both these methods. With these benefits, the chelating monomer route may be the
harbinger of the universal scheme for direct nanoimprinting of metal oxides.
S Online supplementary data available from stacks.iop.org/Nano/23/315304/mmedia
(Some figures may appear in colour only in the online journal)
1. Introduction
Due to its inherent chemical stability, thermal and dielectric
properties, wear-resistance, good adhesion to many surfaces
6 Present address: Department of Chemistry, Birla Institute of Technology
and Science, Pilani–Hyderabad Campus, Jawahar Nagar, Shameerpet
Mandal, Hyderabad–500 078 (Andhra Pradesh), India.
7 Both authors contributed equally to this work.
and cost-effectiveness, aluminum oxide (or alumina, Al2O3)
thin films have received increasing interest in a wide
variety of applications such as optical coatings, dielectric
layers and wear-resistant and protective coatings [1–5].
Recently, nanostructures of alumina, in particular those
made of porous AAO, have found extensive uses in the
field of solar cells, biosensors, catalysis and many other
applications [6–12]. AAO is obtained by the anodization
10957-4484/12/315304+09$33.00 c© 2012 IOP Publishing Ltd Printed in the UK & the USA
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of aluminum film which yields only high aspect ratio
porous alumina structures. This is a limiting factor for the
fabrication of other types of alumina nanostructures such
as lines, pillars, etc, using anodization. Direct fabrication
of arbitrary structures of Al2O3 by techniques such as
photolithography [13], soft-lithography [14, 15] and electron
beam lithography [16] is scarce and not scalable. One of
the main limitations for developing advanced approaches for
direct fabrication of Al2O3 patterns is the lack of a processable
aluminum-containing resist. Therefore, it is necessary to
develop a suitable material and approach by which fabrication
of arbitrary Al2O3 structures over a large area could be
achieved.
Nanoimprint lithography (NIL) is a low-cost and
high-throughput fabrication technique that is fast emerging
as an alternative patterning technique to optical lithography.
NIL involves pressing of a mold that contains surface relief
features onto a deformable material on a substrate at a
controlled temperature and pressure. The material is then
hardened so that when the mold is removed, the topography
of the mold is transferred into the material [17–19]. The
most versatile imprint technique is thermal NIL where the
mold patterns are replicated into a thermoplastic material by
heating the polymer above its glass transition temperature
and applying pressure on the mold. Variants of this
technique also utilize materials such as thermosets, sol–gel
films, metalorganic materials and polymerizable liquid metal
methacrylate resists to pattern organic as well as inorganic
materials [17, 20–26].
Direct patterning of oxides using NIL is performed
using either the sol–gel or methacrylate route [20–26].
The alkoxide-based sol–gel route is an economical way to
obtain engineered ceramics due to their low-temperature
characteristics and good film quality [20, 22–24]. However,
direct imprinting of oxides via this route faces two major
challenges. Firstly, due to their high surface energy, the
sol–gel imprinting requires a good mold release system,
and secondly, the solvent in the sol–gel film, which helps
to ‘soften’ it for the imprint process, gets trapped in
the imprinted structures resulting in poor demolding and
incomplete filling of the precursor material inside the mold.
On the other hand, liquid methacrylate resists are known
to give a yield close to 100% after imprinting due to
the reduction of surface energy by polymerization [25,
26]. However, this route has limited applicability due to
the instability of many metal methacrylates. This includes
aluminum methacrylate, which precipitated immediately
when aluminum tri-sec-butoxide [Al(OBus)3] was reacted
with methacrylic acid. In order to minimize the disadvantages
associated with both the sol–gel and methacrylate routes and
harness their advantages, we propose direct patterning of
Al2O3 using a precursor formed by reacting a polymerizable
chelating agent such as 2-(methacryloyloxy)ethyl acetoacetate
(MAEAA) with Al(OBus)3. MAEAA possesses methacrylate
and β-ketoester groups that can form a complex with metal
alkoxide. The latter group results in the formation of stable,
chelated aluminum alkoxide whilst the former provides the
reactive methacrylate group for in situ co-polymerization with
a cross-linker during imprinting. Furthermore, this approach
incorporates the benefits of a rigid silicon mold and liquid
precursor to achieve very high resolution over areas >1 cm×
1 cm but at a lower temperature and pressure to obtain yields
close to 100% after imprinting.
2. Experimental details
2.1. Materials
Aluminum (III) tri sec-butoxide (97%) and 2-(methacryloy-
loxy)ethyl acetoacetate (95%) were purchased from Sigma
Aldrich and used as received. Ethylene glycol dimethacrylate
(EDMA), a cross-linker, was also purchased from Sigma
Aldrich and used after the removal of stabilizer using an
alumina column. 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(96%) was procured from Alfa Aesar and used as re-
ceived. Benzoyl peroxide (BPO), purchased from Sinopharm
Chemical Reagent Co. Ltd, was used without any further
purification.
2.2. Resist formulation and characterization
Inside a glove box (<5% relative humidity), Al(OBus)3
was complexed with MAEAA in requisite stoichiometric
proportions in order to study the atmospheric stability of
the resultant product. The final resist composition (‘Al2O3
resist’) was made by reacting Al(OBus)3 with 2 equivalent
of MAEAA followed by mixing the resultant product with
1.5 equivalent of EDMA and 2 wt% of BPO (with respect
to the monomers). The byproduct of the chelation reaction,
i.e. sec-butanol, was not removed as it provides fluidity to
the resist film during spin-coating. This byproduct evaporates
during imprinting at temperatures >100 ◦C. A Bruker DPX
400 MHz NMR spectrometer was used to obtain 1H,
13C and 27Al NMR data (with CDCl3 as the solvent) to
study the progress of the chelation reaction leading to the
formation of the aluminum complex. A NicoletTM 6700
Fourier transform infrared (FTIR) spectroscope was used
to analyze atmospheric stability of the aluminum complex
and changes in structure of the resist during polymerization.
Suitable imprinting temperature of the resist was determined
using differential scanning calorimetry (DSC, TA Instruments
Q100). Thermogravimetric analysis (TGA, TA Instruments
Q100) was performed to follow the degradation behavior of
the resist and formation of oxide.
2.3. Imprint lithography
The silicon substrates and molds used for imprinting were
cleaned with the piranha solution (3:7 by volume of 30%
H2O2 and H2SO4. Caution: Piranha solution reacts violently
with most organic materials and must be handled with
extreme care!). Prior to imprinting, the molds were silanized
with 1H,1H,2H,2H-perfluorodecyltrichlorosilane in order to
reduce the surface energy and thereby to facilitate clean
demolding. An Obducat imprinter (Obducat, Sweden) was
used to carry out nanoimprint lithography. Suitable imprinting
temperature was determined using the DSC measurement.
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2.4. Characterization of imprints
Scanning electron and atomic force microscopies were used to
study the topography and morphology of imprinted features
before and after the heat-treatment. A JEOL JSM6700F
field-emission scanning electron microscope (FE-SEM) was
used to acquire high resolution images of as-imprinted as
well as heat-treated patterns. To find the height of the
imprinted structures before and after heat-treatment, a Digital
Instruments Nanoscope R© IV atomic force microscope (AFM)
was used. X-ray photoelectron spectroscopy (XPS) was
carried out using a VG ESCALAB—220i XL machine to
determine the chemical composition of the heat-treated Al2O3
thin films. An Agilent Nanoindenter G200 equipped with a
Berkovich tip was used to test the modulus and hardness of
Al2O3 thin films.
3. Results and discussion
3.1. Chemistry of the chelated monomer-based precursor
Metal alkoxides, such as Al(OBus)3, are very reactive
compounds due to the presence of electronegative alkoxy
groups, which make the metal atoms highly prone to
nucleophilic attack. Due to the high affinity of Al(OBus)3
with water, hydrolysis results in the formation of molecular
aggregates of hydrated aluminum oxide alkoxides. However,
the hydrolytic reactivity of Al(OBus)3 can be controlled
by complexation with MAEAA, a β-ketoester capable of
keto-enol tautomerism, as shown in equation (1). The enol
form of MAEAA is stabilized by chelation with Al(OBus)3.
Further, the reaction also results in the replacement of
an alkoxyl group by a β-ketoester ligand, as shown in
equation (2). The hydrolytic activity of the stabilized
Al(OBus)3 is substantially reduced, perhaps due to steric
hindrance. This chelation reaction yields a clear, flowable and





Figure 1. (a) Characteristic infrared absorption peaks of the
aluminum complex [Al(OBus)(MAEAA)2] compared with
MAEAA. The broad vibration bands corresponding to particular
bonds are indicated on top. Table 1 gives details of the band
assignment. (b) Atmospheric stability of as-coated film after 8 and
24 h in an atmosphere of 40% relative humidity.
The reaction between Al(OBus)3 and MAEAA was
studied using the FTIR (figure 1) and NMR spectroscopies
(see supplementary information available at stacks.iop.org/
Nano/23/315304/mmedia). Three different precursors were
synthesized by adding stoichiometric proportions of MAEAA
to Al(OBus)3, replacing one [Al(OBus)2(MAEAA)], two
[Al(OBus)(MAEAA)2] or three [Al(MAEAA)3] alkoxy
groups. The FTIR spectra of these three precursors are similar
and show a large number of absorption bands/peaks between
750 and 1800 cm−1 [27, 28]. Figure 1(a) shows the FTIR
spectrum of Al(OBus)(MAEAA)2, and table 1 identifies the
principal absorption peaks. The pair of absorption peaks at
1609 and 1522 cm−1 is attributed to the bidentate character
of metal-bonded MAEAA and hence is indicative of the
3
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(a)
(b)
Figure 2. (a) TGA analysis of Al2O3 resist showing the mass losses
during continuous and isothermal heating at 450 ◦C. (b) DSC data
shows an exothermic peak at 102 ◦C where the onset of free-radical
co-polymerization in Al2O3 resist happens.
formation of the chelated complex. These peaks correspond
to the ν(C−−C) and ν(C−−O) vibrations of the chelate
ring, respectively. The 1H NMR spectrum of MAEAA shows
that the amount of enol (5.00 ppm) is relatively small
as compared with the keto form (3.47 ppm). However,
the chelation of MAEAA with Al(OBus)3 gave rise to a
strong signal at 5.00 ppm from the COCHCO proton. This
suggests stabilizing of the enol form during chelation. The
presence of the keto form after complexation is shown by
a relatively weaker signal at 3.47 ppm for the COCH2CO
protons. Comparing this with the signal from the enol
form suggests that about 75% of MAEAA participated in
chelation with Al(OBus)3. The incomplete reaction between
MAEAA and Al(OBus)3 is also confirmed by a shoulder
at 1746 cm−1 in the FTIR spectrum that corresponds to
the carbonyl group of MAEAA (figure 1(a)). Furthermore,
the MAEAA-functionalized aluminum precursor also shows
characteristic peaks of carbonyl group at 1721 cm−1, and a
methacrylate double bond at 1634 cm−1. Likewise, the 1H
NMR signal for the =CH2 protons of the methacrylate at
6.11 ppm shows the preservation of a polymerizable double
bond in the complex.
Stability of the chelate rings indicates the atmospheric
stability of the Al(OBus)(MAEAA)2 precursor. Figure 1(b)
shows the FTIR spectra of the resist recorded after 0, 8 and
Table 1. Characteristic infrared absorption peaks of the aluminum
complex (i.e. Al(OBus)(MAEAA)2). Only the principal peaks are
shown.






1418, 1372 δCH3 6, 7
24 h under ambient laboratory conditions of 30 ◦C and at
∼40% relative humidity. Even after 24 h, the FTIR spectrum
shows hardly any change in the peaks associated with the
chelate rings. This indicates that the resist is stable in normal
laboratory conditions. However, it is seen that the intensity of
carbonyl peak at 1746 cm−1 is slightly decreased over time.
This may be due to the progress in complexation of MAEAA
with Al(OBus)3 over time. Furthermore, even after more than
three months of storage, the aluminum complex inside a
sealed vial was found to be clear, flowable and imprintable.
This is very important from the commercial point of view
for the storage of the resist material. Not surprisingly, the
stability of the metal alkoxide—MAEAA—based approach
is far superior to that of the methacrylate route, the latter’s
shelf-life is often at most a month.
For the study of direct imprint lithography of
Al2O3, we chose Al(OBus)(MAEAA)2 precursor instead of
Al(OBus)2(MAEAA) or Al(MAEAA)3. The reason for this
is three-fold. Firstly, there is hardly any difference between
the atmospheric stability of these three compounds (see
supplementary information available at stacks.iop.org/Nano/
23/315304/mmedia). Secondly, the presence of two reactive
methacrylate groups chelated to the aluminum atom provides
better probability for them to get co-polymerized with the
cross-linker, thereby trapping the metal atom inside the
polymer network. Thirdly, choosing Al(MAEAA)3 instead of
Al(OBus)(MAEAA)2 does not provide any additional benefit
except to increase the mass loss during final heat-treatment to
convert the imprinted structure to Al2O3.
3.2. Nanoimprint lithography of Al2O3 resist
The Al2O3 resist for nanoimprinting was formulated by
adding cross-linker EDMA and a thermal free-radical initiator
BPO to Al(OBus)(MAEAA)2 precursor. It was subjected
to TGA and DSC studies in order to understand its
degradation behavior and to identify the polymerization
exotherm, respectively (figure 2). The TGA measurement
in air showed a two-step mass loss. The minor loss from
30 to 150 ◦C was due to the loss of sec-butanol byproduct
and the major loss from 300 to 550 ◦C was due to the
degradation of organic component. Beyond 500 ◦C, a constant
residual weight of about ∼6.5% was observed due to the
formation of amorphous Al2O3 (figure 2(a)). The DSC
scan showed that the thermal free-radical co-polymerization
of Al(OBus)(MAEAA)2 precursor and EDMA mixture
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in Al2O3 resist occurred at ∼102 ◦C (figure 2(b)). This
temperature was used as a guide to initiate in situ free-radical
co-polymerization during the imprinting of Al2O3 resist. The
polymerization reaction was further monitored by using time
resolved-FTIR studies (figure 3). It is seen that the FTIR
spectrum of Al2O3 resist before polymerization is similar
to that of Al(OBus)(MAEAA)2 precursor. After thermal
polymerization, the intensity of the methacrylate double bond
at 1635 cm−1 decreased significantly. It is noteworthy that
the enolic ν(C−−C) at 1609 cm−1 and enolic ν(C−−O)
complexed with aluminum at 1522 cm−1 remain unaffected
after the polymerization, thus confirming that the aluminum
atoms remain trapped inside the polymer matrix even after
thermal co-polymerization.
Figure 4 depicts the schematic of the steps involved in
direct nanoimprint lithography of Al2O3 resist. Imprinting
of the resist was carried out in two steps. Firstly, at room
temperature (30 ◦C) a pressure of 30 bar was applied for
300 s to ensure a complete filling of the mold with the resist.
Secondly, while holding the pressure constant, the coated
substrate and mold were heated to 130 ◦C for 1000–1600 s in
order to induce in situ thermal free-radical co-polymerization
in Al2O3 resist. This resulted in hardening of the imprinted
resist. After imprinting, the assembly was cooled down to
room temperature before releasing the pressure and this was
followed by a clean demolding, giving ∼100% yield over
∼2 cm × 1 cm area (figure 4). The imprinted features
were slightly smaller than the actual dimensions of the
mold—a result most likely due to the polymerization-induced
shrinkage of the patterns [29]. For example, 250 nm and
100 nm grating molds gave 225 nm and ∼47 nm pattern
Figure 3. Time-resolved FTIR data of Al2O3 resist heat-treated at
120 ◦C. It is seen that peaks corresponding to the polymerizable
–C=CH2 group decrease in intensity.
widths, respectively. On the other hand, a 200 nm dimple
mold gave ∼150 nm wide pillars (figure 5(a), table 2).
Cross-sectional SEM studies reveal that Al2O3 resist gives
a crack-free residual layer at film thicknesses as large as
∼840 nm (figure 5(b)). The residual layer can be reduced
by diluting the resist in an organic solvent. Notice that the
Figure 4. Schematic representation of the process steps for direct nanoimprint lithography of Al2O3. The bottom right-hand side image
shows a 2 cm× 1 cm imprinted area of Al2O3 using a mold containing 250 nm line gratings with an aspect ratio of 1. Notice the appearance
of uniform red color due to interference.
5
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Figure 5. (a) Composite SEM images of various as-imprinted and heat-treated structures of Al2O3 using different molds. The insets show
the structures at higher magnification. The AFM line traces of the corresponding heat-treated imprinted structures are shown on the right.
(b) Cross-sectional SEM image of Al2O3 gratings made from a 250 nm line/space mold before (left) and after (right) the heat-treatment.
Differences in the width of the imprinted lines can arise from statistical variation in the size of the gratings across the entire mold.
Table 2. Summary of the approximate feature size reduction at every step of the Al2O3 resist patterning using imprint lithography.
Mold shape/size
Feature size of the imprint after
free-radical polymerization
Metal oxide feature size after the
heat-treatment of imprinted structures
Total feature size reduction with









Dimples, 200 nm 150 25 75 50 63
Lines, 250 nm 225 10 55 75 78
Lines, 100 nm 47 53 17 63 83
cross-section has a trapezoidal profile with a slightly smaller
height and width than the mold. Such a profile originates due
to the polymerization-induced shrinkage of patterns inside
the mold. Heat-treatment of these gratings resulted in their
shrinkage due to the loss of organic matter without affecting
the integrity.
Isothermal TGA analysis was used to verify the
minimum temperature required to burn off the organic content
6
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completely from Al2O3 resist. It was found that holding the
resist at 450 ◦C for 1 h was sufficient to remove the organic
component in the resist (figure 2(a)). This heat-treatment
condition was used to convert imprinted resist to amorphous
Al2O3 patterns (see supplementary information available at
stacks.iop.org/Nano/23/315304/mmedia). Pattern shrinkage
close to 80% with respect to the original mold size was
observed. This gave rise to sub-100 nm patterns when original
molds with 200 and 250 nm features were used for imprinting.
On the other hand, imprints made using 100 nm grating,
after heat-treatment, shrunk to 17 nm. In all the cases, the
imprinted structures maintain their integrity even after the
heat-treatment. The AFM analysis showed that the aspect
ratio of <1 (as opposed to the aspect ratio of 1 for molds
used in imprinting) was achieved for Al2O3 patterns after
heat-treatment (figure 5(a)). The reason for such a difference
in aspect ratios of various patterns is unclear even though
the shrinkage appears to be nearly uniform over the entire
imprinted structure. It is worth noting that although there is
a reduction in the pattern size, the center-to-center pattern
distance remains the same, whilst the edge-to-edge pattern
distance increases, clearly showing a slight decrease in the
feature density of heat-treated patterns. It must be emphasized
that although the calcination shrinkage comes at the cost of
pattern density, it is actually an easy and cheaper way to access
the nanoscale.
Controlling the calcination shrinkage is crucial in
obtaining patterned oxides of high integrity. As stated earlier,
the final Al2O3 resist composition was made by reacting
Al(OBus)3 with 2 equivalent of MAEAA followed by mixing
the resultant product with 1.5 equivalent of EDMA and 2 wt%
of BPO. This composition represents a judicious compromise
between minimizing the organic losses and maximizing the
oxide in pattern after heat-treatment. Furthermore, this also
determines the imprinting time. The imprinting time can be
significantly reduced if the amount of the cross-linker EDMA
is increased. But a penalty is paid in the form of increased
organic losses leading to a smaller amount of oxide after
heat-treatment. On the other hand, keeping the amount of
cross-linker constant and adding more chelated monomer
to the alkoxide (i.e. switching from Al(OBus)(MAEAA)2
to Al(MAEAA)3) leads to a similar penalty, i.e. excessive
organic losses without adding any substantial benefit to
imprinting time.
Direct imprinting of Al2O3 using the chelating monomer
route offers significant advantages over imprinting oxides
using the sol–gel and methacrylate routes. The sol–gel route
mainly uses a soft mold for nanoimprint lithography and
requires a critical amount of solvent to enable imprinting
of the material. On the other hand, the methacrylate route
removes the disadvantages of the sol–gel route and utilizes
the benefits of a hard mold. Moreover, the presence of
a small amount of solvent left over in the spin-coated
film aids in imprinting at lower pressures and the solvent
does not seem to hinder polymerization. Polymerization
gives rise to hardened pattern features and thus helps in
facilitating clean demolding with ∼100% yield over large
areas. The methacrylate route, albeit very attractive, has
limited applicability due to the instability of many metal
methacrylates such as those of aluminum, hafnium, yttrium,
tin and so on [26]. The current process of imprinting
an oxide using a chelating monomer to bind it with a
metal alkoxide and its subsequent co-polymerization with a
cross-linker removes the disadvantages associated with both
the sol–gel and methacrylate routes. Instead, it synergistically
utilizes the advantages of both these routes such as high
stability of sol–gel-based materials and polymerizability of
methacrylates. Therefore, it is quite likely that the chelating
monomer route may turn out to be a universal scheme for
direct nanoimprinting of oxides.
One of the interesting properties of Al2O3 is its
mechanical strength and hardness. Since Al2O3 is a hard
material with sufficient mechanical strength, it may be
directly used as a mold for nanoimprinting. The mechanical
strength of Al2O3 thin films heat-treated at 450 ◦C for
1 h was measured using the nanoindentation method. The
modulus and hardness were found to be 49.5 ± 3.5 GPa
and 2.4 ± 0.3 GPa, respectively. In comparison, an imprint
containing 50 wt% methacrylate-functionalized polyhedral
oligomeric silsesquioxane (POSS), a very high silicon-
containing material, showed a modulus of ∼4 GPa [30].
Similar results were also obtained for POSS-based materials
used for nanoimprint lithography [31]. The modulus and
hardness values of Al2O3 thin films are approximately nine
and ten times lower than what is reported in the literature [32,
33]. This may be due to the relatively low heat-treatment
temperature and presence of residual carbon from the
organic precursor (see supplementary information available at
stacks.iop.org/Nano/23/315304/mmedia). Nevertheless, this
hardness appears to be sufficient to imprint polycarbonate
film using sub-100 nm Al2O3 grating structures obtained from
imprinting using 250 nm molds (figure 6). It is seen that
∼55 nm Al2O3 grating features gave∼125 nm wide imprinted
lines in the polycarbonate sheet. The reason for achieving
such wide lines after imprinting may be due to the thermal
relaxation of polymer chains in the polycarbonate film.
Unlike the AAO route, our technique has shown that
NIL offers the freedom of patterning arbitrary structures of
Al2O3 over the sub-micron to nanoscale. Such structures can
potentially be used as sacrificial templates in processes such
as electrodeposition and patterning of functional polymers [9,
34–36]. Furthermore, imprinted Al2O3 templates can also be
employed in high temperature (>400 ◦C) conditions where
the organic counterparts fail [37, 38].
4. Conclusions
We have demonstrated a versatile way to pattern Al2O3 using
nanoimprinting lithography using a stable complex formed
by reacting Al(OBus)3 with MAEAA. The advantages of
this precursor, i.e. Al(OBus)(MAEAA)2, are that it is stable
against hydrolysis due to chelation as well as possessing
an active methacrylate group which can be co-polymerized
in the presence of a cross-linker. Al2O3 resist was formed
by mixing Al(OBus)(MAEAA)2, cross-linker EDMA and
BPO, a free-radical initiator. It underwent in situ thermally
7
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Figure 6. Imprinting of a polycarbonate film using an Al2O3 grating mold made from a 250 nm line/space grating mold. The depth of
imprint is shown on the right-hand side using the AFM line trace.
initiated free-radical co-polymerization during imprinting.
This resulted in lowering of surface energy and strengthening
of the imprint, which facilitated easy and clean demolding.
Since aluminum atoms remain trapped inside the polymer
matrix, subsequent thermolysis in air yielded amorphous
Al2O3 patterns. Shrinkage of pattern size was observed due
to the loss of organics giving rise to feature size as small as
17 nm.
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ABSTRACT: Step-and-ﬂash imprint lithography (S-FIL) is a
wafer-scale, high-resolution nanoimprint technique capable of
expansion of nanoscale patterns via serial patterning of imprint
ﬁelds. While S-FIL patterning of organic resins is well known,
patterning of metal−organic resins followed by calcination to
form structured oxide ﬁlms remains relatively unexplored.
However, with calcination shrinkage, there is tremendous
potential utility in easing accessibility of arbitrary nanostruc-
tures at 20 nm resolution and below. However, barriers to
commercial adoption exist due to diﬃculties in formulating
polymerizable oxide precursors with good dispensability, long
shelf life, and resistance to auto-homopolymerization. Here we propose a solution to these issues in the form of a versatile resin
formulation scheme that is applicable to a host of functional oxides (Al2O3, HfO2, TiO2, ZrO2, Ta2O5, and Nb2O5). This scheme
utilizes a reaction of metal alkoxides with 2-(methacryloyloxy)ethyl acetoacetate (MAEAA), a polymerizable chelating agent.
Formation of these inorganic coordination complexes enables remarkable resistance to auto-homopolymerization, greatly
improving dispensability and shelf life, thus enabling full scale-up of this facile nanofabrication approach. Results include
successively imprinted ﬁelds consisting of 100 nm linewidth gratings. Isothermal calcination of these structures resulted in
corresponding shrinkage of 75−80% without loss of mechanical integrity or aspect ratio, resulting in 20 nm linewidth oxide
nanostructures.
KEYWORDS: step-and-ﬂash nanoimprint lithography, metal oxides, nanolithography, nanofabrication, metal−organic resins
■ INTRODUCTION
Thin ﬁlm metal oxides, due to their excellent electrical,
mechanical, and optical properties and high transparency,
continue to be tremendously important for myriad applications,
particularly solar cells, sensors, photocatalysts, thin ﬁlm
transistors, transparent electrodes, and other devices.1−3
Many of these applications require easy access to nanoscale
surface structures in oxides over a large area in order to enable
device function, enhance performance, or achieve economies of
scale. While conventional oxide nanostructuring approaches
exist such as optical lithography,4,5 electron beam lithogra-
phy,6−8 and focused ion beam writing,9 these approaches are
indirect and complex in the sense that they rely on multi-step
patterning and vacuum etching of a polymer ﬁlm deposited on
top of the target oxide ﬁlm. In addition, polymer nanostructures
formed with these techniques must correspond precisely in
dimension with the desired oxide features. Therefore, all
challenges associated with top-down fabrication on the
nanoscale such as the optical diﬀraction limit in the case of
photolithography and beam scattering issues in the case of
electron and focused ion beam writing will apply. In response,
UV nanoimprint lithography (UV-NIL) and particularly step-
and-ﬂash nanoimprint lithography (S-FIL) have emerged as
viable alternatives to the other above-mentioned conventional
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techniques due to their ability to access the nanoscale without
the light diﬀraction and beam scattering limitations noted
above. In addition, these contact lithography approaches retain
a favorable combination of simplicity, versatility, low cost, and
the potential for achieving high throughput.10−14 Unfortu-
nately, mold templates used in UV-NIL and S-FIL generally
rely upon the above-mentioned conventional lithography
techniques for fabrication. Thus, indirectly, the same light
diﬀraction and beam scattering limitations apply to nano-
imprinting techniques through mold fabrication as is applicable
to conventional lithography. One way of lifting these
limitations, in addition to enabling a unique means of
nanostructuring oxide ﬁlms, is to take advantage of the
calcination shrinkage inherent to sol−gel processing to easily
access the nanoscale from much larger patterned features. For
example, it is possible to form 100 nm diameter hybrid metal−
organic structures and, with calcination shrinkage, achieve 20
nm equivalent oxide structures of the same aspect ratio, feature
density, and pitch. Note that the duty cycle, or surface area
coverage of features, is reduced by calcination shrinkage. This
can, to a certain extent, be compensated for by increasing the
duty cycle of the as-imprinted metal−organic structures and by
tuning the degree of calcination shrinkage such that the amount
of shrinkage required to achieve the desired resolution in oxide
is minimized. However, care must be taken to select end-
applications that do not require extremely high density
nanostructures for use with this approach.
In any case, by adapting metal−organic materials for use in S-
FIL, it is possible to fabricate mold templates with features up
to 8 times larger in diameter than the actual desired structures.
Such a feat would signiﬁcantly improve the ease and economics
of fabrication, as S-FIL can then be used to expand the coverage
area of the calcined oxide nanostructures in step-and-repeat
fashion.
In recent years, the importance of organic−inorganic hybrid
resins to fabricate nanostructures with inorganic character using
NIL has gained considerable attention.15−23 However, conven-
tional NIL techniques such as UV and thermal NIL rely heavily
on a one-step, whole-wafer patterning process, which requires a
large and expensive mold to achieve large area patterning.
Furthermore, the diﬃculty in controlling and minimizing
defects and achieving good residual layer uniformity increases
considerably with increasing imprint ﬁeld area. S-FIL in
contrast can utilize relatively small molds in order to solve
both issues of economics and defect control. Furthermore, S-
FIL is greatly advantaged over competing nanoimprinting
techniques by its employment of drop-on-demand inkjet
dispensing in order to ﬁll non-uniform mold cavity distributions
while retaining uniform residual layer thicknesses. In addition
to easier access to the nanoscale via calcination, S-FIL
fabrication with hybrid resins exhibits a number of other
advantages over other oxide patterning techniques. These
include a general reduction in the number of steps involved in
surface structuring and device fabrication, lower overall process
temperatures relative to direct melt embossing of oxides, and
complete elimination of the need for vacuum etching for
applications that do not require etching of the substrate.
A persisting challenge in developing metal−organic resins for
S-FIL has been their consistently poor dispensability and low
shelf life due to their susceptibility to auto-homopolymeriza-
tion.16,24 S-FIL is generally achieved by pressing a rigid,
patterned template or mold into a UV-curable liquid resin to
form a corresponding pattern in the resin ﬁlm. Subsequently,
the formed ﬁlm is cured with an ultraviolet light to enable the
reverse tone transfer of the mold topography into the ﬁlm upon
demolding. The resin is typically deposited using an inkjet
dispensing unit, which is subject to clogging if the resin
viscosity increases by only a few millipascal-seconds. With
metal−organic hybrid resins, clogging issues are a severe
challenge because auto-homopolymerization can easily generate
such an increase in the resin viscosity. Thus, the resin shelf life
can be as short as 2 or 3 days. More importantly, because the
resin viscosity strongly inﬂuences the actual dispense volume,
this instability makes it extremely diﬃcult to achieve
reproducible and predictable fabrication results in terms of
ﬁlm and residual layer thicknesses, control of ﬁeld uniformity,
and avoidance of an under-ﬁlling condition. In terms of scale-up
to commercialization and large-scale expansion of nanostruc-
tures, a solution to these diﬃculties is crucial.
A potential solution to the problem of obtaining a more
chemically stable oxide precursor was recently proposed by
Dinachali et al. by reacting metal alkoxides with a polymerizable
chelating agent such as 2-(methacryloyloxy)ethyl acetoacetate
(MAEAA).15 MAEAA possesses β-ketoester and methacrylate
groupsthe former leads to the formation of highly stable,
chelated alkoxide complexes, while the latter provides the
reactive group for participation in free-radical polymerization.
The reaction of a metal alkoxide with MAEAA results in the
formation of a metal−organic precursor mixed with an alcohol
byproduct. Preliminary assessment of the suitability of these
precursors was carried out by removing the alcohol byproduct
under reduced pressure followed by examination to check for
auto-homopolymerization. The resultant product was a stable,
transparent, lightly colored, polymerizable, and viscous liquid
metal oxide precursor freely soluble in acrylate-based reactive
diluents with remarkable immunity to auto-homopolymeriza-
tion. Resins formulated using these chelated oxide precursors
exhibited at least a 30-fold improvement in shelf life relative to
previously reported formulation schemes.24 Along with
enhanced performance and shelf life, in this work, we have
utilized the aforementioned improved resin formulation
approach to demonstrate a versatile approach for S-FIL
patterning of a host of metal oxides such as Al2O3, HfO2,
TiO2, ZrO2, Nb2O5, and Ta2O5 in step-and-repeat fashion over
large areas. Although patterned examples of all the oxides will
be given, Nb2O5 in particular will be used as a representative
candidate for discussing resin behavior.
■ RESULTS AND DISCUSSION
In general, liquid resins possess good transport properties to
enable faster ﬁlling of mold cavities and the spreading of resin
from areas where feature density is low to other regions where
feature density is higher at low pressure (∼100 kPa). S-FIL
exploits these advantages in the fabrication of micro- and
nanostructures in step-and-repeat fashion over an entire wafer
at speeds in excess of, or competitive with, conventional
techniques such as photolithography and electron beam
writing, respectively. In S-FIL, a low-viscosity, photo-curable
resin is locally dispensed dropwise on the substrate over a drop
map area corresponding to the template patterned area. Then, a
quartz template is brought into contact with the resin to form a
stack. The resin is then photo-polymerized by exposing it to
UV light through the transparent template, resulting in the
formation of rigid imprinted features. In terms of fully organic
resins, the photo-polymerizable monomers used in S-FIL are
typically either acrylate- or vinyl ether-based formulations, with
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the former more popular than the latter due to easy availability
of inexpensive monomers.25−29
Most scientiﬁc activity in the ﬁeld is largely conﬁned to
thermally curable resin formulations, as the monomer and
precursor synthesis is relatively straightforward, and processing
does not place signiﬁcant restrictions on the resin properties.
However, for successful S-FIL patterning of metal−organic
resins, the precursor must be transparent, stable, fast curing,
and of low enough viscosity to be inkjet dispensable.
Furthermore, organic solvent in the resin must be kept to
near-zero, as evaporation at an inkjet dispense oriﬁce leads to
condensation at the tip and this causes the alkoxide to
precipitate out, leading to a white residue build-up that clogs
the dispense tip oriﬁce. These stringent requirements make
metal−organic hybrid resin development for S-FIL a signiﬁcant
challenge.
The success of patterning functional metal oxides using S-
FIL strongly depends on the resin formulation. Broadly
speaking, there are four main components. First, a polymer-
izable metal oxide precursor, usually an inorganic coordination
complex, which participates in polymerization during UV
exposure and forms metal oxide after calcination of the
imprinted structures. Second, a reactive diluent that is used to
adjust the viscosity of the polymerizable metal−organic
complex. Third, a cross-linker which provides mechanical
strength, and ﬁnally fourth, a photo-initiator to initiate photo-
polymerization leading to solidiﬁcation of the resin. Among
these four, the most critical component of the resin is the
polymerizable metal oxide precursor. Such a complex should
preferably be of low viscosity, transparent, resistant to auto-
homopolymerization, and stable against hydrolytic activity. A
popular way to form polymerizable metal−organic complexes is
to react a metal alkoxide with a polymerizable monomer such as
methacrylic acid or 3-butenoic acid.16,24 This is because of the
simplicity of the reaction, as metal alkoxides are very reactive
compounds due to the presence of electronegative alkoxy
groups that cause the metal atom to be highly prone to
nucleophilic attack. Unfortunately, in most cases, the reaction
between metal alkoxides with methacrylic acid16 or 3-butenoic
acid24 does not yield a processable liquid. Furthermore, metal
methacrylates, and to some extent allyl-functionalized metal
complexes, suﬀer from a shorter shelf life due to the problem of
auto-homopolymerization. Therefore, an improved reaction
scheme for S-FIL resin formulation is desirable.
It has recently been reported that reacting metal alkoxides
with a polymerizable chelating agent such as MAEAA yields a
polymerizable metal−organic liquid that is clear, stable,
ﬂowable, and of low viscosity.15 MAEAA is a bi-functional
molecule that possesses β-ketoester and methacrylate groups.
The β-ketoester group is capable of undergoing keto−enol
tautomerism, as shown in eq 1; the enol form of MAEAA is
stabilized by chelation with tantalum ethoxide that results in the
formation of a chemically stable, chelated alkoxide perhaps due
to steric hindrance (eq 2). In sol−gel chemistry, it is well-
known that β-ketoester- and β-diketone-based chelating agents
stabilize alkoxides and increase their long-term resistance
against hydrolysis. This technique has been eﬀectively utilized
to pattern oxides using photolithography,4,5 electron beam
lithography,6,7 two-photon lithography,30 direct write assem-
bly,31 electrohydrodynamic lithography,32 and proton beam
writing.33 In our case, the key to achieving long-term hydrolytic
stability of our oxide precursors is the stabilization of alkoxides
using a β-ketoester such as MAEAA, a chelating agent. We have
used MAEAA because it possesses β-ketoester and methacrylate
groupsthe former leads to the formation of highly stable,
chelated alkoxide complexes, while the latter provides a reactive
monomer that takes part in polymerization in the presence of a
photo-initiator. The chelating reaction often results in a slight
color change of the solution and yields a polymerizable metal−
organic precursor.
The key condition that enables compatibility with S-FIL is in
the selection of state for the candidate metal alkoxide. Only
liquid-state metal alkoxides have suﬃciently low viscosity at
room temperature to achieve formulated resin viscosities below
20 mPa·s, the latter being an important threshold viscosity for
inkjet dispensing.27 This condition was not reported in prior
works where both liquid and solid-state metal alkoxides were
employed without distinction. One challenge that may arise
given the state requirement would be cases where solid metal
alkoxides are required as feedstock, or is the only available state
for a given metal alkoxide. Further research into the feasibility
of heating the metal−organic resin during inkjet dispense
would be required in order to lower the viscosity to below the
dispense threshold.
A further important development in enabling S-FIL
processing was the elimination of organic solvents. This is
contrary to common practice with purely organic resins where
such solvents are used extensively for cleaning of the inkjet
dispense line and dispense tip. Cleaning of our metal−organic
resins leads to deposition of alkoxide residues at the tip oriﬁce
and along the dispense line upon evaporation of the solvent,
leading to extensive clogging. Additionally, alcohols will
generally cause the alkoxide components to precipitate out of
the resin, presumably due to alcoholysis,34 forming insoluble
particles that will clog the inkjet dispense unit long after
removal of the metal−organic resin. Thus, solvents were not
used for cleaning the inkjet dispense unit, aside from the
dispense tips which were cleaned with multiple solvents to
remove all residues prior to thorough drying. This approach
enabled full, automated step-and-repeat imprinting without
clogging issues.
Preliminary studies were conducted to study the suitability of
liquid-state metal alkoxides for S-FIL resin formulation. First,
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various chelated metal alkoxides (of Al, Hf, Ti, Zr, Nb, and Ta)
were subjected to a low pressure environment so as to remove
the alcohol byproduct (eq 3). Removal of alcohol byproducts
typically led to the formation of transparent, often slightly
colored liquids containing polymerizable oxide precursors that
were remarkably resistant to auto-homopolymerization (Figure
1a). We speculate two-fold reasons for the exceptional stability
of metal alkoxides chelated with MAEAA in comparison to
their corresponding methacrylic acid- and allyl-terminated
carboxylic acid-chelated derivatives. Firstly, the very nature of
the chelation between the metal center and the ligands is
diﬀerent. In the case of a carboxylic acid, the carboxylate anion
replaces the alkoxy group and binds to the metal center and
thus results in the ﬁnal product having the same co-ordination
number as the alkoxide. By contrast, when MAEAA (a β-
ketoester in its enol form) is substituted for an alkoxy group, it
results in the ﬁnal product having an additional co-ordination
number due to the extra co-ordination bond between the β-
ketoester group and the metal center. Secondly, the chemical
environment of the reactive end group may be reducing the
occurrence of auto-homopolymerization. The longer chain
length of MAEAA molecules further separates the methacrylate
groups from each other due to steric hindrance. As a result, the
number of collisions between the methacrylate groups is
reduced, thereby decreasing the probability of auto-homo-
polymerization. This is in striking contrast to metal
methacrylates (and to some extent allyl-functionalized metal
complexes), as they undergo auto-homopolymerization upon
any attempt to remove alcohol present as a byproduct from the
reaction of a metal alkoxide with methacrylic acid.16,24 We
Figure 1. (a) Clear, stable, and slightly colored metal oxide precursors formed when alcohol byproduct was removed following the reaction shown in
eq 3. (b) Characteristic infrared absorption peaks of metal oxide precursors formed by reacting metal alkoxide and MAEAA in a 1:2 ratio. The broad
vibration bands corresponding to particular bonds are indicated at the top. Table 1 shows details of the band assignment.
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believe that these synergistic factors contribute to the enhanced
shelf life of the MAEAA-chelated metal precursors. Predictably,
all the chelated precursors, except for ZrO2, showed excellent
stability over a storage period of more than 3 months at room
temperature. They were found to be transparent and ﬂowable.
The storage period for ZrO2 was found to be limited to ∼2
weeks.
To understand the chelation reaction, FTIR spectroscopy
was used to characterize the viscous polymerizable metal oxide
precursors (Figure 1b). Their FTIR spectra were found to be
similar and show a large number of absorption bands/peaks
between 1000 and 1800 cm‑1. The pair of absorption peaks
corresponding to the ν( ‐‐‐C C) and ν( ‐‐‐C O) vibrations of the
chelate ring at 1522 and 1609 cm−1, respectively, is attributed
to the bidentate character of cation-bonded MAEAA. This is
indicative of the formation of the chelated complex.35,36
Noteworthy is the presence of characteristic peaks of the
carbonyl group at 1721 cm−1 and the methacrylate double bond
at 1634 cm−1 in MAEAA-functionalized metal oxide precursors;
the latter strongly suggests the preservation of a polymerizable
double bond in the complex. A shoulder at 1746 cm‑1 that
corresponds to the carbonyl group of MAEAA may indicate
incomplete reaction between MAEAA and the corresponding
metal alkoxides (Figure 1b).36
Resins for the S-FIL of oxides were formulated by adding
reactive diluent, cross-linker, and photo-initiator to the
respective polymerizable metal oxide precursors. Since the
precursors have a relatively high viscosity, iso-butyl acrylate, a
reactive diluent, was added to lower the viscosity. Ethylene
glycol diacrylate served as a cross-linker, and due to its relatively
low viscosity, it also partly served the purpose of a reactive
diluent. The molar ratio between alkoxide, MAEAA, iso-butyl
acrylate, and ethylene glycol diacrylate was 1:2:2:1 for Al2O3,
HfO2, TiO2, and ZrO2 resins. On the other hand, Ta2O5 and
Nb2O5 resins had a ratio of 1:2:1:1. Additional iso-butyl acrylate
was added to the former set of resins due to the relatively high
viscosity of their oxide precursors. Of course, it is worthwhile to
note that reducing the viscosity in this manner comes at the
cost of additional shrinkage and loss of oxide content upon
calcination. The formulation of the above-mentioned molar
ratios takes this consideration into mind in order to maintain
post-calcination integrity. The ﬁnal resin composition in all
cases possessed a viscosity of <10 mPa·s. For comparison,
Nb2O5 resin and a fully organic “blank” formulation in a 2:1:1
molar ratio of MAEAA, iso-butyl acrylate, and ethylene glycol
diacrylate exhibited viscosities of 7.5 and 4.6 mPa·s,
respectively. These resin formulations were found to possess
excellent dispensability with viscosities well within the
suggested limit of 20 mPa·s.27
To determine the absorbance of UV radiation by the oxide
resins, ultraviolet-visible (UV-vis) spectrophotometry was
carried out (Figure 2a). It was seen that Al2O3, HfO2, ZrO2,
and Ta2O5 resins have a steep and sharp UV absorption starting
at ∼320 nm unlike TiO2 and Nb2O5 resins which show a wider
range of wavelengths for UV absorption. Photo-DSC studies
showed that it takes about 30 s to completely cure each resin
with UV exposure (Figure 2b). Figure 3 shows how individual
resin components contribute to the ﬁnal FTIR spectrum of
Nb2O5 resin, where said spectrum is generally representative of
all oxide resins presented here. The eﬀect of UV radiation on
Nb2O5 resin was also followed by FTIR. After a 2 min UV
exposure in air, the CC peak disappears, conﬁrming that
the resin completely cures after this period of exposure.
Furthermore, it was observed that the metal−carbonyl
chelation bond remains unaﬀected during the polymerization,
implying that the metal atoms are incorporated into the
polymerized network. This, of course, conﬁrms that resins
containing oxide precursors will calcine into oxide nanostruc-
tures after the S-FIL patterning step.
Table 1. Characteristic Infrared Absorption Peaks of
Chelated Metal Oxide Precursorsa




1609 ν( ‐‐‐C O) 4
1522 ν( ‐‐‐C C) 5
1418, 1372 δCH3 6, 7
aThe principal peaks indicated below are for the Al2O3 precursor.
Other chelated precursors show similar values, as shown in Figure 1b.
Figure 2. (a) UV-vis spectroscopy and (b) photo-DSC of Al2O3,
HfO2, TiO2, ZrO2, Nb2O5, Ta2O5, and “blank” (fully organic) resins.
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A Molecular Imprints Imprio 100 unit (Molecular Imprints,
Inc.) was used for S-FIL patterning of our metal oxide resins. A
schematic of the process steps is shown in Figure 4, where the
resin was ﬁrst deposited on a silicon wafer by direct drop-
dispensing, followed by contact and spreading by a quartz
template containing a 100 nm line and space grating, with an
aspect ratio of 1. The volume of individual droplets was pre-
adjusted during trial runs in order to achieve fully patterned
imprint ﬁelds (see the Supporting Information). Dispense tips
were thoroughly cleaned in an ultrasonic bath sequence of
methanol, ethanol, and iso-propyl alcohol and then completely
dried with a nitrogen gas gun in order to remove both alkoxide
residues and solvents. After contact and spreading of the resin,
photo-curing was accomplished via mercury-arc lamp UV
irradiation through the transparent quartz template for 60 s.
Separation forces were found to be in the range 10−25 N for
diﬀerent oxide resins for a 1 cm2 patterned ﬁeld. Full step-and-
repeat mode is demonstrated in Figure 5a using Nb2O5 resin,
where a total of nine ﬁelds were imprinted across a 4 in. silicon
wafer. Figures 5b and 6 show SEM cross section and overhead
views of as-imprinted 100 nm gratings as well as the calcined
results for Nb2O5, Al2O3, HfO2, TiO2, ZrO2, and Ta2O5 resins.
Due to similar patterning behavior, Nb2O5 resin will be
discussed here in greater detail. Figure 5b shows the top view
and cross-sectional SEM images of imprinted Nb2O5 resin. The
cross-sectional SEM image shows that the width and height of
the as-imprinted features were slightly smaller than the actual
dimensions of the mold, a result attributed to shrinkage
inherent to acrylic resins.37 For example, 100 nm grating molds
gave ∼76 nm line-widths with a residual layer thickness of ∼80
nm. Despite shrinkage, the aspect ratio of the mold was closely
maintained. Likewise, similar observations can be made from
the gratings patterned with Al2O3, HfO2, TiO2, ZrO2, and
Ta2O5 resins (Figure 6 and Table 2).
The calcination step involves decomposition and removal of
organic content from the polymerized resins, followed by
sintering to form a solid oxide. Sintering is a process of
densiﬁcation driven by interfacial energy. The atoms in formed
metal-oxide migrate by diﬀusion in such a way as to eliminate
porosity, thereby reducing the solid−air interfacial area and
increasing the oxide density. Holding the sintered material at a
high enough temperature can lead to the formation of
nanocrystalline oxide grains and subsequently their growth via
Ostwald ripening.38 TGA analysis was used to determine the
minimum temperature required to remove the organic content
completely during calcination to form nanostructured oxide
ﬁlms. It was noted that an isothermal calcination at 475 °C for
1 h in air was suﬃcient to burn oﬀ organic content from all
candidate resins (Figure 7), and in some cases, the heat
treatment was suﬃcient to form a crystalline phase in the oxide
ﬁlm as well (see the Supporting Information). This calcination
step was used to convert the structured metal−organic ﬁlms to
their respective oxides. However, such low temperature heat-
treatment is bound to leave behind small amounts of
carbonaceous impurity in oxides. SEM and AFM analyses
were used to study the eﬀect of calcination on the pattern
shrinkage (Figure 5b, Figure 6, and Table 2). The ﬁnal size of
oxide lines was found to be in a range of 20−25 nm. AFM
analysis showed that an aspect ratio of 1 (of the mold) was
closely maintained by all the patterned oxides. This suggests
that the shrinkage is nearly uniform over the entire imprinted
area. Feature shrinkage depends on the amount of the oxidized
metal in relation to the total amount of the oxide precursor, the
volume of other organic components such as reactive diluents,
cross-linkers and additives, the calcination temperature, and
ﬁnally the size of the oxide unit cell formed after calcination. In
general, however, calcination shrinkage does tend to introduce
sidewall tapering to the oxide structures, as the top surface of
oxide features is a free surface while the feature base is not,
though the feature base and the residual layer all shrink
together, which mitigates the tapering eﬀect. The degree of
feature tapering depends on the degree of calcination shrinkage
and the thickness of the residual layer (a very thin residual layer
will lead to substrate pinning eﬀects that inhibit lateral
shrinkage of the residual layer and, in turn, the feature base).
S-FIL patterning was also carried out with more arbitrary
mold structures, as shown in Figure 5c with Nb2O5 resin. A
quartz template containing composite features such as
hexagonal dots, micrometer-scale lines, nanoscale lines with
diﬀerent pattern densities, and a mixture of micro- and
nanoscale features was employed as a general test of the ﬁlling
and transport performance of Nb2O5 resin (Figure 5c). Despite
the variation in pattern geometry and density, the mold ﬁlling
behavior of the resin was found to be comparable to fully
organic acrylic resins. Obtained yield of early imprint ﬁelds was
estimated by inspection to be >95%. However, after
approximately ﬁve ﬁelds were successfully patterned, a decrease
in the patterned area was observed due to caking onto the
quartz mold. This is most likely due to progressive degradation
of the silanized anti-stick coating applied to the mold.39
Figure 3. FTIR spectra of individual components contributing to the
ﬁnal FTIR spectrum of Nb2O5 resin. At the bottom are the pre- and
post-UV exposure spectra of Nb2O5 resin showing the eﬀect of photo-
polymerization. Note the absence of theCC band after exposure.
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■ CONCLUSIONS
To conclude, we have demonstrated a versatile route for S-FIL
nanostructuring of a host of oxide ﬁlms including Al2O3, HfO2,
TiO2, ZrO2, Ta2O5, and Nb2O5 over a large area using S-FIL.
This route is instrumental in facilitating easy access to arbitrary
nanoscale oxide structures via calcination shrinkage, with long
shelf life formulations that are chemically stable, dispensable,
and amenable to scale-up. The route was achieved by reacting
liquid-state metal alkoxides with MAEAA, a polymerizable
chelating agent, and mixing them with a reactive diluent, cross-
linker, and photo-initiator. MAEAA uses the synergistic eﬀect
of β-ketoester and methacrylate groups to achieve excellent
chemical stability and fast curing of the metal oxide precursor,
respectively. The excellent resistance to auto-homopolymeriza-
tion exhibited by these polymerizable metal oxide precursors
allows for extension of shelf life to at least 3 months without
clogging of the inkjet dispense unit. With the enhanced stability
in viscosity, it is expected that further dispense recipe
optimizations will allow for uniform dispense volumes and, in
turn, uniform residual layers in addition to full-ﬁeld patterning
as demonstrated herein. Additionally, the β-ketoester group in
MEAA also enables sol−gel processing and complex formation
with a large variety of alkoxides with a single formulation
scheme, which is not possible with allyl-functionalized metal
complexes or metal methacrylate-based monomers. Given the
advantages of a sol−gel route and the associated stability it
provides to the alkoxide complex, we believe this approach is
versatile enough to enable formulation and S-FIL patterning of
many other oxides in addition to those shown herein. This
ﬂexibility is very important to facilitate commercial adoption.
Finally, unlike allyl-functionalized metal complexes, polymer-
izable oxide precursors are near-transparent, leading to less
absorption of irradiated UV light during S-FIL patterning and
consequently shorter exposure times and higher throughput.
Calcination of various metal−organic resin ﬁlms imprinted
with a 100 nm line and space mold enabled linewidths, with
shrinkage, in a narrow range of 20−25 nm. This method of
rapid patterning of oxide ﬁlms using S-FIL can potentially
decrease the number of steps involved in surface structuring
and device fabrication, lower the overall process temperatures
needed to achieve patterned oxide ﬁlms in comparison to direct
melt embossing of oxides, and eliminate the need for vacuum
etching for devices that do not require etching of the substrate.
■ EXPERIMENTAL SECTION
Materials. Aluminium (III) tri-sec-butoxide (97%, Sigma Aldrich),
hafnium (IV) tert-butoxide (99.9%, Alfa Aesar), titanium (IV) ethoxide
(Sigma Aldrich), zirconium (IV) tert-butoxide (99%, Strem Chem-
icals), niobium (V) ethoxide (99.95%, Sigma Aldrich), tantalum (V)
ethoxide (99.98%, Sigma Aldrich), and 2-(methacryloyloxy)ethyl
acetoacetate (95%, Sigma Aldrich) were used as received. Ethylene
Figure 4. Schematic representation of the process steps involved in S-FIL patterning and calcination of oxide ﬁlms.
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glycol diacrylate (Sigma Aldrich), iso-butyl acrylate (Sigma Aldrich),
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaﬂuorodecyl methacrylate
(Sigma Aldrich), and 2-hydroxy-2-methylpropiophenone (Sigma
Aldrich) were used without any further puriﬁcation.
Resin Formulation and Characterization. The alkoxides of
aluminium, hafnium, titanium, zirconium, niobium, and tantalum were
reacted with MAEAA in a 1:2 molar ratio inside a glove box (<5%
relative humidity), leading to the formation of a chelated precursor
and an alcohol as a byproduct. The byproduct was preferentially
removed by subjecting the mixture to a reduced pressure in a vacuum
chamber. In all cases, a viscous liquid was obtained. To this, iso-butyl
acrylate and ethylene glycol diacrylate were added as reactive diluent
and cross-linker, respectively. To reduce the surface energy of
imprinted resin and enable clean demolding after S-FIL patterning,
Figure 5. (a) Demonstration of step-and-repeat S-FIL patterning of nine imprint ﬁelds across a 4 in. silicon wafer at high yield using Nb2O5 resin
with a quartz template, the latter consisting of 100 nm line/space gratings over a 1 cm × 1 cm area. Each ﬁeld was imprinted in a serpentine
sequence starting from the top right and moving down. (b) Composite SEM images of as-imprinted, calcined Nb2O5 gratings. The insets show the
gratings at higher magniﬁcation. At the right is a corresponding AFM line trace of the imprinted, calcined structures. At the bottom are cross-
sectional SEM images of the gratings before and after calcination. (c) Immunity to the eﬀect of variation in pattern density in a mold during an
imprint. From top left, clockwise: SEM images of 150 nm dot pattern, with 150 nm edge-to-edge spacing; 1 μm lines with 1 μm spacing; 100 nm
lines with 50, 100, 150, and 300 nm edge-to-edge spacing; a composite pattern with micrometer and nanoscale features; triangles with micrometer
scale thicknesses converging with nanoscale spacing between them; micrometer-sized lines showing a vernier scale.
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2 wt % 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaﬂuorodecyl meth-
acrylate was added to the resin formulation as a surfactant, along with
2 wt % 2-hydroxy-2-methylpropiophenone as a photo-initiator. Finally,
the resins (henceforth called “oxide resins” and more speciﬁcally, e.g.,
“Nb2O5 resin”) were purged with argon gas for 4−6 min to reduce the
concentration of dissolved O2 and thereby reduce oxygen inhibition.
A Nicolet 6700 Fourier transform infrared (FTIR) spectroscope
was used to analyze the change in molecular structure of chelated
precursors and of the resins before and after photopolymerization. The
Figure 6. Composite SEM images of various imprinted, calcined structures of Al2O3, HfO2, TiO2, ZrO2, and Ta2O5 using a 100 nm line and space
grating quartz template. The insets show the structures at a higher magniﬁcation. The corresponding AFM line traces are shown at the right.
ACS Applied Materials & Interfaces Research Article
dx.doi.org/10.1021/am404136p | ACS Appl. Mater. Interfaces 2013, 5, 13113−1312313121
degradation temperature of organic constituents and formation of
metal oxides was studied using thermogravimetric analysis (TA
Instruments Q500). A photodiﬀerential scanning calorimeter (p-DSC,
TA Instruments Q100) equipped with a UV source (power: 300 mW
cm−2) was used to estimate the curing time for diﬀerent resins.
Step-and-Flash Imprint Lithography of Oxides. An Imprio
100 from Molecular Imprints, Inc. (USA), was used to carry out step-
and-ﬂash imprint lithography of oxides. Double-sided, polished 4 in.
silicon wafers were used as substrates. Silicon wafers and quartz
templates were cleaned using piranha solution (3:7 by volume of 30%
H2O2 and H2SO4, 200 °C) for 1 h to remove surface organic
contaminants. This was followed by washing with deionized water and
blow-drying using a nitrogen gas gun. After cleaning, the silicon wafers
were spin-coated with a 2 nm thin layer of adhesion promoter called
TranSpin (Molecular Imprints, Inc.) and baked at 195 °C for 5 min.
Pre-cleaned quartz templates containing the various features presented
herein were silanized with 1H,1H,2H,2H-perﬂuorodecyltrichlorosilane
for 8 h to decrease their surface energy and to enable clean separation
after imprinting. The Imprio 100 utilizes a single oriﬁce drop dispense
tip and dispenses resin droplets according to a computer generated
drop map. A suitable drop map was programmed according to the
features present on the quartz template. The silicon wafer and quartz
template were then loaded and precision-leveled against each other. S-
FIL patterning was conducted by bringing the wafer and template into
contact in the presence of a helium shroud. Resin spreading was
accomplished under an applied force of 8 N for 180 s, followed by
exposure of the stack to broadband UV irradiation for 60 s at an
intensity of ∼4.4 mW cm−2. Finally, vertical separation of the cured,
patterned ﬁeld was accomplished by applying a tensile load within a
range of 100−250 kPa. This process is repeated, sans leveling, to step-
and-repeat imprint ﬁelds across the wafer.
For post-S-FIL cleaning of quartz mold, the piranha solution was
found to work well to remove metal−organic hybrid resin residues
from the surface, as long as no other processing was carried out on the
mold after the cured resin was caked onto the mold. Destruction of the
organic component of the resin was generally suﬃcient to ensure
complete removal.
Characterization of Imprint Results. To study the topography
and morphology of imprinted features before and after calcination,
scanning electron and atomic force microscopy were used. A JEOL
JSM6700F ﬁeld-emission scanning electron microscope (FE-SEM)
was used to acquire high-resolution images. A Digital Instruments
Nanoscope IV atomic force microscope (AFM) was used to ﬁnd the
height of the nanostructures. For X-ray diﬀraction (XRD) analysis, the
oxide resins presented herein were spin-coated on a silicon substrate,
photo-polymerized with UV radiation, and ﬁnally calcined at diﬀerent
temperatures. A Bruker D8 general area detector diﬀraction system
(GADDS) equipped with a Cu Kα source was used for XRD analysis
of the metal oxide ﬁlms.
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